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CHAPTER 1
I n t r o d u c t i o n
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CHAPTER 1
Stress at the organismal level has been first described by Selye (1936) as a general 
reaction of mammals including man to a diversity of stimuli. Although the concept of 
stress is widely accepted by biologists and has now been extended to all vertebrates, the 
definition of stress varies. In this thesis stress is defined as a condition in which the dyna­
mic equilibrium of animal organisms called homeostasis is threatened or disturbed as a 
result of the actions of intrinsic or extrinsic stimuli, commonly defined as stressors 
(Chrousos and Gold, 1992; Wendelaar Bonga, 1997).
In aquaculture, fish experience anthropogenic stressors e.g. crowding, confine­
ment, handling, air exposure and transport (Barton and Iwama, 1991), and environmen­
tal stressors such as pollution of the water and changes in water temperature. As fish are 
in close contact with aquatic pollutants via the skin, the gills and in seawater due to drin­
king, the intestinal wall, an additionional effect of pollutants is that they easily evoke a 
stress response, besides their toxic effects. All have negative effects on food conversion, 
growth, reproduction and the immune system (Wendelaar Bonga, 1997).
In order to survive all animals must adapt to stressors with a physiological reac­
tion, the stress response. In teleost fish, as in terrestrial vertebrates, two principal mes­
senger systems are involved in the stress response: the brain-pituitary-interrenal axis (BPI- 
axis) and the brain-sympathetic-chromaffin cell axis (BSC-axis). Cortisol is the end product 
of the BPI-axis, whereas the release of catecholamines (CA), epinephrine (E) and norepin­
ephrine (NE), are the result of activation of the BSC-axis. The main functions of both mes­
senger systems are mobilisation of energy by stimulation of the release of energy substra­
tes into the circulation and of oxygen uptake and transfer.
This study is directed towards the regulation of the stress response in seawater 
and freshwater fish. Two commercially interesting species; the gilthead sea bream (Sparus 
aurata L.) and the common carp (Cyprinus carpio L.) were studied (hereafter referred to as 
sea bream or carp, respectively). We are aware of the fact that this is a very small fraction 
of the estimated 20000 species of teleost fish. The non-toxic stressors that have been used 
are either aquaculture-related, i.e. confinement and air exposure, or environmentally 
related, i.e. a temperature drop.
The b ra in -p i t u i t a r y - i n te r re n a l  axis
The BPI-axis in teleost fish is activated in response to almost all forms of stress 
(Donaldson, 1981). This axis is a neuroendocrine system. Sensory neurons in the brain 
transport information to the hypothalamus, which is the main regulation centre of the 
BPI-axis. From here, the neuronal information is transferred to the pituitary gland. From 
the pituitary gland peptide hormones such as adrenocorticotrophic hormone (ACTH) and 
melanocyte stimulating hormone (a-MSH), are secreted into the blood that transfers 
them  to their target tissue, the interrenal cells.
Hypothalamic neurones release peptides such as corticotrophin releasing hor­
mone (CRH), which is generally considered to be the major factor responsible for the rele­
ase of ACTH from the pituitary gland. Thyrotrophin releasing hormone (TRH), urotensin- 
I (U-I), arginine vasotocin (AVT), neuropeptide Y (NPY) and melanophore concentrating 
hormone (MCH), and non-peptide messengers such as dopamine (DA), y-aminobutyric 
acid (GABA) are other hypothalamic messengers which are all directly or indirectly invol­
ved in regulation of the pituitary gland (for a review, see Wendelaar Bonga, 1997). TRH is 
able to evoke a dose dependent release of a-MSH and ACTH in goldfish (Tran et al., 1989) 
and tilapia (Lamers et al., 1994). U-I is not only produced by hypothalamic neurones, but
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also by the urophysis. U-I is involved in the response to osmotic stressors (Lederis e t al., 
1985) and possesses ACTH releasing activity as well (Tran et al., 1990). AVT is an antidiu­
retic factor which potentiates the ACTH release by CRH (Heierhorst et al., 1993). MCH is a 
neuropeptide tha t antagonises a-MSH and is involved in background adaptation, but also 
in osmoregulation (Francis et al., 1997) and the stress response (Green and Baker, 1991; 
Green et al., 1991; Bluetpajot et al., 1995; Gröneveld et al., 1996). The role of NPY and the 
non-peptide messengers DA and GABA have been studied intensively in the African clawed 
toad (Xenopus laevis), where these neurotransmitters exert inhibitory effects on the rele­
ase of a-MSH from the pituitary gland (Verburg-van Kemenade et al., 1987, Leenders et al.,
1993). In goldfish, similar results were found (Olivereau et al., 1987, 1988; Omeljaniuk et 
al., 1989). In tilapia, dopamine exerts both inhibitory and stimulatory effects. Low con­
centrations of dopamine stimulated the release of a-MSH, whereas higher concentrations 
were inhibitory (Lamers et al., 1991). These data indicate tha t more than  one dopamine 
receptor is involved in the regulation of a-MSH.
The main pituitary products of the BPI-axis, ACTH and a-MSH, are both derived 
from proopiomelanocortin (POMC), the hormone precursor synthesised by the cortico- 
trope cells in the pars distalis and by the melanotrope cells of the pars intermedia. In tila­
pia (Oreochromis mossambicus), corticotropic activity of a-MSH has been demonstrated 
(Lamers et al., 1992) and this activity may be potentiated by P-endorphin, which is also a 
product derived from POMC and released by the melanotrope cells (Balm et al., 1995). 
Elevated plasma ACTH and a-MSH levels have been associated w ith stress in salmonids 
(Sumpter et al., 1985, 1986) and tilapia (Lamers et al., 1992; Balm et al., 1994; Balm and 
Pottinger, 1995). The involvement of a-MSH in regulation of dispersion of melanin gra­
nules in the skin of some vertebrates has also been well established. In teleost fish, a role 
for a-MSH was demonstrated in morphological background adaptation of the skin in tila­
pia (Sarotherodon mossambicus; van Eys et al., 1981). Moreover, in eel and trout, pituita­
ry and plasma a-MSH levels changed following adaptation to a light or dark background. 
By contrast, in the flounder, a-MSH was not involved in background adaptation (Baker et 
al., 1984; Burton and Snow, 1993).
The release of other pituitary hormones is also affected by stress (Tran et al., 
1989, 1990). Confinement stress inhibited the release of growth hormone (GH) in rainbow 
trout (Pickering et al., 1991) and tilapia (Auperin et al., 1997). In this latter study, also 
increased plasma prolactin (PRL) levels were measured. Also in freshwater and seawater 
adapted coho salmon (Oncorhynchus kisutch), increased PRL levels were found during 
stress (Avella et al., 1991). On the other hand, a reduction of plasma PRL was recorded after 
stress in freshwater adapted rainbow trout (Pottinger et al., 1992). Thus, modifications of 
plasma PRL levels during stress might be species specific. A glycoprotein produced by the 
pars intermedia and related to GH and PRL is somatolactin (SL). Studies on chinook sal­
mon (Oncorhynchus tshawytscha), rainbow trout (Oncorhynchus mykiss, Rand Weaver et 
al., 1993) and red drum  (Sciaenops ocellatus, Zhu and Thomas, 1995, 1996) favor a role for 
SL during stress.
In teleosts, the head kidney is a major endocrine, haematopoietic and lymphatic 
tissue (Milano et al., 1997). The steroid hormone cortisol is the end product of the BPI-axis. 
Cortisol is synthesised by the interrenal cells of the head kidney, which are the equivalent 
of the adrenal gland in mammals. Cortisol has both glucocorticoid and mineralocorticoid 
activities in fish. The importance of the BPI-axis is indicated by its early development. The 
BPI-axis is already fully functional at the time of hatching in carp (Stouthart et al., 1998),
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and in trout, stress responsiveness develops already 2 weeks after hatching (Barry et al., 
1995). This indicates that even the early life stages depend on a proper stress response.
The bra in -s ym pa th e t i c -c hro ma f f in  cell axis
The BSC-axis is a neuro-endocrine system specialised in rapid communication 
over long distances in the form of action potentials along axons and the release of neuro­
nal messenger molecules from synapses that are in close contact w ith their target, the 
chromaffin cells (Kandel et al., 1991). The CAs, E and NE are the end products of the BSC- 
axis and are released into the circulation of fish during exposure to a variety of stressors 
(Wendelaar Bonga, 1997). These CAs are synthesised in the chromaffin cells located 
w ithin the walls of the posterior cardinal veins of the head kidney. Synapthic overflow of 
E and NE, from sympathetic nerve endings, which forms a substantial part of CA release 
into the circulation of terrestial vertebrates, does hardly occur in fish (Randall and Perry, 
1992). In fish as in terrestial vertebrates, CAs are released by exocytosis from chromaffin 
cells in response to sympathetic activation by acetylcholine (ACh). Next to cholinergic 
induced secretion of CAs, non-cholinergic release of CAs occurs in fish. This includes 
innervation of chromaffin cells by peptidergic nerve fibres, stimulation by humoral sig­
nals whether from the blood, or by paracrine or autocrine pathways (for review, see Reid 
et al., 1998).
Little is known about the paracrine or autocrine effects of CAs on cortisol secre­
tion and vice versa. The stress induced release of CAs may be prevented by cortisol 
(Narnaware and Baker, 1996; Reid et al., 1996) and epinephrine injection increases plasma 
cortisol levels in rainbow trout (Gamperl et al., 1994). However, in carp, cortisol stimula­
tes the CA release, whereas CAs inhibit the cortisol release in vitro (Gfell et al., 1997). 
Atrial natriuretic peptide (ANP) derived from ANP-positieve chromaffin cells stimulates 
the ACh-induced cortisol release from carp adrenal tissue, indicating a paracrine mecha­
nism for activation of interrenal cells (Kloas et al., 1994).
Me ssenger  systems in the stress response in sea bream and carp
Several messengers of the BPI- and BSC-axis have been found in sparids and cypri- 
nids Hypothalamic factors such as CRF, TRH and MCH are present in the brain and pit­
uitary gland of sea bream (Mancera and Fernandez, 1995; Mancera and Fernandez-llebrez, 
1995), goldfish and carp (Fryer et al., 1984; Olivereau et al., 1984; Bird et al., 1989).
Immunocytochemical studies have shown that the pituitary glands in sea bream 
and carp are composed of a rostral pars distalis, a proximal pars distalis and a pars inter­
media. In the rostral pars distalis prolactin cells are organised often in follicles whereas 
the corticotrope cells surrounding the pars nervosa branches. The proximal pars distalis 
contains somatotrope cells clustered surrounding the pars nervosa branches, gonadotro­
pe and thyrotrope cells. Melanotrope cells are abundant in the pars intermedia, where 
somatolactin cells are found adjacent to the neurohypophysis (Olivereau et al., 1988; 
Quesada et al., 1988). POMC-derived peptides have been characterised in carp and sea 
bream. ACTH-like activity was found in the pituitary gland (Hon and Ng, 1986) and three 
forms of MSH (des-, mono- and diacetylated) were identified (Follenius et al., 1985). 
Furthermore, in sea bream, des- and monoacetyl a-MSH were isolated from the ovary 
(Mosconi et al., 1994), but the function of a-MSH in this organ is unknown.
Up to now, little is known about the stress response in sea bream and carp. Most 
studies focus on osmoregulatory processes disturbed by salinity changes (Mancera et al.,
12
CHAPTER 1
1993a, b, 1994) or water acidification (van Dijk et al., 1993) and immunological changes 
induced by chasing or crowding stress (Sunyer et al., 1995; Tort et al., 1996). The presence 
of messengers from the BPI- and BSC-axis in the hypothalamus, pituitary gland and head 
kidney and the histological organisation in the organs involved in the stress response, 
indicate that functional BPI- and BSC-axes are present in sea bream and carp, as in other 
teleost fishes. In contrast to many other fish including sea bream, carp is a tetraploide spe­
cies as a result of genome duplication. Genome duplication is an im portant process in evo­
lution of vertebrates. In the common carp genome duplication resulting in a tetraploid 
animal occurred probably 16 Myr ago (Larhammar and Risinger, 1994). After duplication, 
many loci diverged from each other and so a functionally diploid ancestor has arisen 
(Ohno, 1970). A number of duplicated loci have been identified in carp e.g. two c-myc 
genes (Zang et al., 1995), two gonadotropin genes (Chang et al., 1988) and two prolactin 
genes (Yasuda et al., 1987). Duplicate loci may both be expressed and, when studying gene 
expression, both loci should always be characterised as they may be functionally different. 
In one report on rainbow trout, another tetraploid species, the expression of POMC in 
hypothalamic neurons of sexually immature fish was limited to one of the loci (POMC-A): 
POMB-B could not be found (Salbert et al., 1992).
Aim and out l ine  of the thesis
The aim of this thesis was to study in sea bream and the common carp neuro­
endocrine adaptation mechanisms to stress in response to non-toxic stressors . Sea bream 
is a commercially interesting species especially in the south of Europe. It has capacities 
to cope with environmental challenges such as salinity changes and background colour 
adaptation. The common carp is a worldwide domesticated animal occurring in wild and 
cultured stocks. Gynogenetic reproduction of the carp resulting in isogenic animals, has 
been effected in carp (Bongers et al., 1997; Crooijmans et al, 1997) and this enabled us to 
study the expression of duplicated genes in these tetraploid fish.
In CHAPTER 2 the two messenger systems involved in the stress response were 
characterised in sea bream exposed to confinement and air exposure. The release of 
POMC-derived peptides and cortisol were used to study the brain-pituitary-interrenal axis. 
Since it is technically impossible to determine E and NE blood levels in fish unless these 
are cannulated (a stressful procedure), glucose and lactate were taken as indicators for 
activation of the brain-sympathetic-chromaffin cell axis.
In CHAPTER 3 the effects of elevated plasma cortisol levels on the stress response 
to confinement and air exposure were studied in sea bream.
In CHAPTER 4 sea bream a-MSH was chemically and biologically characterised by 
reversed phase high performance liquid chromatography (RP-HPLC) and by electrospray 
mass spectrometry (EMS). Furthermore, the involvement of a-MSH isoforms in back­
ground adaptation, confinement and air exposure were investigated.
In CHAPTER 5 the molecular cloning of two POMC cDNAs from the pituitary 
gland and the expression of both POMCs in the brain of carp is described.
In CHAPTER 6 the expression of the two POMC mRNAs was studied in the pituita­
ry gland of isogenic carp strains, after acclimation to different ambient temperatures and 
in response to a rapid drop in water temperature of -9°C.
In CHAPTER 7 the main results presented in this thesis are summarised and a 
model is presented for the stress response in teleostean fishes. This model is discussed and 
compared with the stress response in mammals.
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CHAPTER 2
The stress r e s p o n s e  of  
the gi l t head sea bream (Sp a r us  aurata  L .) 
to air  ex p o s u r e and c o n f i n e m e n t
R.J. Arends , J.M. Mancera, J.L. Munoz, S.E. Wendelaar Bonga and G. Flik (1999)
Journal of Endocrinology 163 (1), 149-157
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Abstract
We investigated short-term effects (up to 24 hrs) of air exposure and confine­
ment, and long-term effects (up to 11 days) of confinement, to elucidate signalling path­
ways in the stress response of gilthead sea bream Sparus aurata L. Plasma glucose and lac­
tate were taken as indicators of sympathetic activation, and a-melanocyte stimulating hor­
mone (a-MSH), adrenocorticotrophic hormone (ACTH) and cortisol as indicators of activa­
tion of the brain-pituitary-interrenal (BPI) axis. Air exposure for 3 min resulted within 30 
min in an increase of plasma levels of cortisol, a-MSH, glucose, lactate, osmolality and 
plasma Na, Cl and Mg. Plasma ACTH and p-endorphin and plasma K, Ca and P did not 
change. We conclude that air exposure mainly activates the brain-sympathetic-chromaffin 
cell (BSC) axis. In fish confined to a density of 70 kg.m-3 (versus 4 kg.m-3 in controls) 
cortisol, ACTH and a-MSH increased within 1 h, indicating the activation of the brain-pit- 
uitary-interrenal axis. Plasma glucose, Na, Cl and Mg increased with an 8-h delay compa­
red to the response to air exposure. No changes in plasma lactate, osmolality, K, Ca and P 
were observed. Long-term confinement induced a biphasic cortisol response with peaks at
1 h and at 2 and 3 days. A gradual increase of plasma p-endorphin levels peaked at 7 
days; the level of a-MSH rose rapidly within 1 h and then declined to control values 4 
days after the onset of confinement. No changes in ACTH were detected. Our data provi­
de evidence that a stressor-dependent activation of the BSC- and BPI-axes may occur in 
Sparus aurata.
Keywords: stress, air exposure, confinement, Sparus aurata, teleost, brain-pituitary-interre- 
nal axis, brain-sympathetic-chromaffin axis, ACTH, a-MSH, p-endorphin, glucose, lactate, 
plasma minerals.
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In t roduct ion
In aquaculture fish experience stressors such as handling and confinement, that 
disturb homeostatic equilibria. Reponses to stress-related disturbances in fish are often 
characterised as primary, secondary, and tertiary (Barton and Iwama, 1991). A primary res­
ponse is the activation of brain centres that eventually results in the release of cortisol 
from the steroid producing cells and of catecholamines (CAs) from the chromaffin cells of 
the head kidney. Secondary responses are defined as the subsequent actions and effects of 
these hormones at blood and tissue level and may include a disturbance of the hydromi­
neral and metabolic balance. Tertiary responses, exemplified by inhibited growth, ham­
pered reproduction and immunosuppression, concern the performance of the organism.
For freshwater (FW) fish, the primary stress response has been studied extensive­
ly. The principal messenger systems involved are the brain-sympathetic-chromaffin cell 
(BSC) axis and the brain-pituitary-interrenal (BPI) axis (Wendelaar Bonga, 1997). A direct 
activation of chromaffin cells by sympathetic nerve-endings has been demonstrated in 
fish (Gfell et al, 1997). Stressors such as handling and hypoxia have frequently been 
shown to result in a rapid rise in plasma glucose and lactate, and this has been associated 
w ith the activation of the BSC-axis and the release of CAs by the chromaffin cells in many 
teleosts (Barton and Iwama, 1991; McDonald and Milligan, 1992; Randall and Perry, 1992). 
Therefore, glucose and lactate can be considered as indicators of sympathetic activation 
during stress. Activation of the BPI-axis results in the release of cortisol by the interrenal 
cells of the head kidney. Adrenocorticotrophic hormone (ACTH) is considered the most 
potent pituitary corticotrophe in fish as well as in terrestial animals, but in tilapia 
(Oreochromis mossambicus) another proopiomelanocortin (POMC) derived peptide, viz. 
a-melanocyte stimulating hormone (a-MSH) also has corticotrophic actions (Lamers et 
al., 1992). Moreover, acetylated endorphins secreted by the a-MSH cells have been sug­
gested to potentiate the corticotrophic activity of a-MSH (Balm et al., 1995). Differential 
activation of the ACTH and the MSH cells have been reported in fish. In salmonids, hand­
ling and confinement activate the BPI-axis and elevate plasma levels of ACTH, a-MSH and 
P-endorphins (Sumpter et al., 1985, 1986). In these fish plasma a-MSH levels were only 
elevated when handling and confinement were combined with a therm al shock. 
Comparable results were obtained for Oreochromis mossambicus. In these fish netting 
increased plasma cortisol levels but did not affect the plasma ACTH level, whereas the 
increase of cortisol following netting and confinement was associated w ith elevated ACTH 
(Balm et al., 1994). However, there is still a lack of knowledge about the interplay between 
the two signalling pathways.
Compared to freshwater fish, little is known about responses of seawater (SW) 
fish to stressors. Most studies on SW species deal with transfer of fish from SW to brackish 
or fresh water. Sparus aurata from full-strength seawater adapt in a very short period to 
brackish water. Since Sparus aurata can not only hyporegulate in seawater, but also hyper- 
regulate in brackish water, the gilthead sea bream is considered to be a truly euryhaline 
fish (Mancera et al., 1993, 1995; Altimiras et al., 1994). For the gilthead sea bream it has 
been demonstrated that cortisol has mineralocorticoid actions facilitating adaptation to 
changes in ambient salinity (Mancera et al., 1994; Altimiras et al., 1994). In the same fish, 
crowding and repeated daily acute stress result in immunosuppression (Sunyer et al., 
1995; Tort et al., 1996). In the red gurnard (Chelidonichthys kumu), capture and confine­
ment negatively affect reproduction (Clearwater and Pankhurst, 1997). Although there 
are several reports on cortisol in stressed SW fish, the pituitary messengers involved in
17
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these responses have so far received little attention. However, recently a stressor-depen­
dent activation of the endorphin system has been demonstrated. An elevation of plasma 
N-acetyl p-endorphin was found in sea bream stressed by confinement and crowding, 
whereas confinement alone had no effect on the plasma acetyl endorphin level (Mosconi 
et al, 1998).
In the present study, the endocrine responses to air exposure and confinement 
were investigated in the gilthead sea bream (Sparus aurata L.) in full-strength seawater. 
The experiments were designed to investigate the principal messenger systems activated 
upon exposure to these stressors. Differential effects of air exposure and confinement on 
the primary (hormonal), and secondary (hydromineral and metabolic) responses were 
found.
M ate r ia ls  and Method s
Fish
Immature male gilthead sea bream (Sparus aurata L., further called “sea bream”), 
weighing 60 to 100 g, were obtained from an experimental fish culture centre (CICEM “El 
Toruno”, El Puerto de Santa Maria, Spain). During the experiments (September-November,
1997), the fish were kept under environmental conditions of photoperiod and water tem­
perature (18-22°C). For each experiment, 200 fish were kept in well-aerated 5000 L stock­
tanks at a density of 4 kg.m-3. The water was continuously refreshed (250 l/h) and supplied 
with air through air stones. Fish were fed twice a day (9 am and 6 pm) with 1% body 
weight commercial dry pellets (Dibaq-diprotg S.A., Segovia, Spain).
Experimental protocol
Fish, 12 - 16 per group and one group for each time point, were transferred from 
their stock tank to grey cylindrical experimental tanks (V = 500 L; diameter tank: 0.85 m), 
containing a plastified iron wire-net cage w ith a total volume of 250 L (inner diameter 
cage: 0.60 m) to obtain a fish density of 4 kg.m-3; the fish were allowed to acclimate to the 
experimental tank for 6 days. Feeding was stopped 24 h before the experiments. No mor­
tality was observed in any group during the experiments. To minimise confounding 
effects of tank-related influences control and experimental groups were sampled from 
randomly chosen tanks at randomly chosen time points during each experiment.
Daily variation at sampling time points. Fish (n=8 per group) were sampled at 9 
am, 11 am, 1 pm, 5 pm, 9 pm and 9 am the following day. Fish were anaesthetised for 1 
min by taking the cage out of the tank and transfer of the fish to a bucket containing 0.1% 
2-phenoxyethanol (Sigma, St Louis, USA). Once anaesthetised (always w ithin 1 min), the 
fish were taken out of the bucket. One ml blood was taken from the caudal vessels using 
a syringe containing 35 |il 2% Na2 -EDTA (Sigma) and 25 |il Trasylol (equivalent to 250 
Kallikrein Inhibiting Units, Bayer, Leverkusen, Germany). All blood samples were taken 
w ithin 5 min after capture (n=8 per group). Plasma was separated from cells by centrifu­
gation for 20 min at 3000 rpm and was stored at -20°C until further analyses.
Experiment I: air exposure. Fish were exposed to air for 3 min, by lifting the wire- 
net cage out of the tank after which the cages were put back into the tanks. Fish (n=8 per 
group) were sampled at 0 (without air exposure) and at 0.5, 1, 2, 8, 12 and 24 h after air 
exposure, as described above. This experiment was repeated 3 times for t=0 and t=0.5 h.
Experiment II: 24 hours confinement. Fish were confined up to 24 h by lifting the 
wire-net cage in the tank (water depth about 10 cm) to increase the stocking density from
18
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Figure 1. Changes in plasma cortisol (a), ACTH (b), a-MSH (c) and N-acetyl p-endorphin (d) concentrations of sea 
bream subjected to 3 min air exposure (solid line), or during confinement (dotted line). *: P<0.05; **: P<0.01; ***: 
P<0.001 significant differences compared to the control at t=0; (n=8; mean ± S.E.M.).
4 to 70 kg.m-3. This treatm ent is further referred to as confinement. Fish (n=8 per group) 
were sampled at 0 (before confinement) and at 0.5, 1, 2, 4, 8, 12 and 24 h during confine­
ment, as described under “daily variation”.
Experiment Ilia: prolonged confinement. Fish were confined up to 11 days, by lif­
ting the wire-net cage in the tank to increase the density to 70 kg.m-3. Fish (n=8 per group) 
were sampled at 0 (before confinement) and at 1, 2, 3, 4, 7 and 11 days during confine­
ment, as described under “daily variation”.
Experiment IIIb: the role of fasting on prolonged confinement. Fish were fasted 
for 7 days at a density of 4 or 70 kg.m-3 and sampled as described under “daily variation”.
Analyses
Osmolality and plasma minerals. Osmolality was measured w ith a freezing point 
depression osmometer (Roebling osmometer type 4B). Plasma Na and K concentrations 
were determined by flame photometry (Radiometer Copenhagen FLM3 flame photome-
19
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Figure 2. Changes in a: plasma cortisol (solid line), glu­
cose (dotted line); b: ACTH (solid line), a-MSH (dotted 
line) and N-acetyl p-endorphin (dashed line) concentra­
tions of sea bream subjected to confinement for up toll 
days. Results from t=0 to t=1 day are shown in figure 
1.*: P<0.05; **: P<0.01, significant differences compa­
red to the control at t=0; (n=8; mean ± S.E.M.).
Changes in plasma N-acetyl p-endorphin concentrations 
due to 7 days fasting and / or confinement (c). F / con­
trols: fed, 4 kg.m-3; NF / controls: not fed, 4 kg.m-3; F 
/ confined: fed, 70 kg.m-3; NF / confined: not fed, 70 
kg.m-3. *: P<0.05; significant difference compared to 
the F / control (n=8; mean ± S.E.M.).
Time (days)
ter); the Cl concentration was determined spectrophotometrically with the ferrothiocya- 
nate method (on 250-fold diluted plasma). Plasma total Ca, Mg and P concentrations were 
measured by ICP-AES (100-fold diluted plasma; Spectro analytical instrum ents, 
Spectroflame).
Hormone Radioimmunoassays (RIAs). The plasma cortisol concentration was 
measured w ith a highly specific antibody for cortisol (ImmuChem™ Cortisol 125I RIA kit, 
ICN Biomedicals, Inc. USA) in 25 |il plasma. The radioactivity was quantified using a Cobra
II y-counter (Packard Intrum ents Company). Cross-reactivity w ith cortisone was less than 
1.5%. The intra-assay variation was 7.0% (n=20), the inter-assay variation 7.9% (n=15). The 
RIA for a-MSH was based on an antibody described by Vaudry et al. (1978), and was used 
in a final dilution of 1:60.000. The cross-reactivity of this antiserum with des- mono- and 
di-acetylated a-MSH is 100%. Immunocomplexes were precipitated w ith 15% (w/v) polye­
thylene glycol and 2.4% (w/v) ovalbumin as described previously (van Zoest et al., 1989). 
ACTH was measured in a RIA described by Balm et al. (1994) for tilapia, using an antibody 
raised in rabbit against hum an A C T ^ ^  (Dores et al., 1993). Immunocomplexes were col­
lected by precipitation w ith a sheep-anti-rabbit second antibody and 7.5% (w/v) polyethy­
lene glycol. Pituitary homogenates of sea bream prepared in 0.01 M HCl and diluted in RIA 
assay buffer displaced radiolabeled ACTH from the antibody in parallel w ith dilutions of 
the standards used. Cross-reactivity w ith a-MSH was negligible. For the RIA of p-endor- 
phins an antiserum recognising N-terminally acetylated endorphins was used (Takahashi 
et al., 1984). The antiserum has full cross-reactivity with acetylated forms of mammalian 
p-endorphins, while cross-reactivity w ith non-acetylated endorphins is less than 0.1% 
(Dores et al., 1991). For RIA, the antibody was used in a final dilution of 1:100.000. 
Immunocomplexes were precipitated with 15% (w/v) polyethylene glycol and 2.4% (w/v) 
ovalbumin.
Plasma Glucose, Lactate and Protein. Plasma glucose and lactate were measured 
using commercial kits from Sigma (Iwama et al., 1989). Plasma protein was measured 
using the bicinchoninic acid method (Smith et al., 1985) w ith a BCA protein kit (Pierce, 
Rockford, USA).
Statistical analysis
In all experiments, differences among groups were assessed by means of one-way
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analysis of variance (ANOVA). Subsequently, significance of differences between mean 
values was tested w ith the Dunett’s Multiple Comparison Test or the Kruskal-Wallis rank 
sum test. Where necessary to improve homogeneity of variance, appropriate transforma­
tions of the data were carried out. Statistical significance was accepted at P < 0.05. Values 
(n=8 for all groups) are depicted as mean ± standard error of the mean (S.E.M.).
Results
We first measured plasma levels of cortisol, glucose, lactate, Na, K, Cl, Ca, Mg, P 
and osmolality at the time points of sampling during the experiments to check for daily 
variations in these values. Plasma cortisol levels were slightly elevated around feeding 
time, viz. at 9 am and 6 pm. These elevations of plasma cortisol disappeared when feedingg 
was stopped 24 h before sampling. No variations at sampling time points in plasma glu­
cose, lactate, osmolality and mineral levels were found (results not shown).
Differences in behaviour were observed in fish exposed to the different stressors. 
During 3 min of air exposure the fish showed an escape reaction (floundering) during the 
first min of air exposure, followed by a quiet period of about 1 min before they started 
floundering again. Fish stressed by confinement were quietly drifting (swimming was 
hampered by the low water level) to the water inlet and air inlets, probably to supply the 
gills w ith freshly oxygenated seawater.
The short-term hormonal responses of seabream to air exposure (experiment I) 
and confinement (experiment II) are shown in figure 1. Plasma cortisol levels in air-expo­
sed fish increased more than 50-fold w ithin 30 min (from 25 nM at t=0 to 1350 nM at t=30 
min). Confinement increased plasma cortisol levels about 8-fold w ithin 1 h (from 25 nM 
at t=0 to 202 nM at t=1 h; Fig. 1a). After 2 h, plasma cortisol levels had returned to control 
levels in both groups and remained so for another 22 h. In air-exposed fish, plasma ACTH 
levels decreased to about 30% of the control level after 2 h. Plasma ACTH had increased 30 
min after onset of confinement (Fig. 1b) and remained elevated almost 4 h. Maximum 
plasma ACTH levels, a more than fourfold increase (from 7 pM at t=0 to 32 pM at t=1 h), 
were found 1 h after onset of confinement. Plasma a-MSH levels had increased 5-fold at 
1 h for air-exposed fish, and more than 7-fold at 2 h for the confined group (Fig. 1c). 
Plasma N-acetyl P-endorphin levels had decreased by 37% of control level at 4 h in air­
exposed fish, but were more than doubled at 8 h and 24 h in fish experiencing confine­
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Figure 3. Changes in plasma glucose (a) and lactate (b) 
concentrations of sea bream subjected to 3 min air 
exposure (solid line), or up to 24 h confinement (dotted 
line). Cortisol to ACTH ratio (c) of sea bream subjected 
to 3 min air exposure (grey bars), or up to 24 h confine­
ment (open bars). *: P<0.05; **: P<0.01; ***: P<0.001 
significant differences compared to the control at t=0; 
(n=8; mean ± S.E.M.).
Time (hours)
ment (Fig 1d). To overcome confounding effects of tank-related influences this air-exposu- 
re experiment was carried out 3 more times. Thirty min after air exposure plasma ACTH 
levels never exceeded 17 pM. Furthermore, sampling at several time points w ithin 30 min 
after air exposure did not reveal elevated plasma ACTH levels.
Long-term confinement (experiment IIIa) induced a cortisol response on days 2 
and 3 after the onset of the confinement (Fig. 2a). An almost 10-fold increase of plasma 
cortisol was measured at day 3. This rise in plasma cortisol was accompanied by an eleva­
tion of plasma glucose up to 3 days after onset of the confinement. After 4 days, cortisol 
and glucose levels had returned to control values. No changes in plasma ACTH levels were 
seen throughout this long-term confinement experiment (Fig. 2b). Prolonged confine­
ment evoked a 3-fold increase of a-MSH, 1 day after the onset of the confinement. After 3 
days a-MSH levels declined again to control values (Fig. 2b). A gradual increase of plasma 
P-endorphin was measured in the long-term confinement experiment, w ith a more than 
5-fold increase over controls at day 7. After 11 days confinement plasma P-endorphin 
levels were still elevated. Both fasting and confinement (experiment IIIb) slightly increa­
sed plasma P-endorphin levels (Fig. 2c). In fasted and confined fish plasma P-endorphin 
were significantly elevated compared to controls.
Figure 3 shows the effects of air exposure (experiment I) and confinement (expe­
rim ent II) on glucose and lactate. Plasma glucose increased in air-exposed fish w ithin 30 
min by about 75% compared to unstressed fish (Fig 3a). After 12 h, glucose had returned 
to control levels. During confinement, plasma glucose rose 12% after 2 h, and remained 
elevated for the duration of the confinement (Fig. 3a). A 3-fold increase of plasma lactate 
levels was measured 30 min after air exposure (Fig. 3b). Lactate levels had declined to con­
trol level 2 h after exposure. Confinement on the other hand, did not influence plasma 
lactate levels. The cortisol to ACTH ratio is depicted in figure 3c. During confinement 1 
pM plasma ACTH was repeatedly accompanied by 5 nM cortisol, whereas after air expo­
sure 1 pM plasma ACTH was accompanied out of proportion by up to 113 nM cortisol.
Both air exposure and confinement disturbed the hydromineral balance, 
although with different kinetics. Plasma osmolality had increased slightly 30 min after 
air exposure. A small increase of osmolality was also found in fish 8 h after the onset of 
the confinement (Fig. 4a). Thirty min after air exposure, plasma Na, Cl showed a similar 
pattern as plasma osmolality, whereas plasma Mg had doubled (Fig. 4b). After 1 h these 
plasma mineral concentrations had returned to control levels. No changes in plasma K, Ca
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and P concentrations were detected in air-exposed fish (results not shown). In confined 
fish a delayed response (compared to air-exposed fish) was observed (Fig 4c). Plasma Na 
and Cl concentrations had increased slightly after 8 h and remained elevated up to 24 h. 
Plasma Mg had almost doubled after 8 h. No changes in K, Ca and P concentrations were 
detected at any time during short-term confinement (results not shown).
0 4
Discussion
Endocrine response
The basal plasma cortisol level in gilthead sea bream is comparable to that in 
other fish (Barton and Iwama, 1991). Air exposure produced a 50-fold increase in plasma 
cortisol levels. Surprisingly, this marked elevation was not accompanied by a rise in plas­
ma ACTH or P-endorphin. This experiment was repeated 3 times, to exclude confounding 
effects of tank-related influences. Those measurements confirmed the absence of a rise in 
plasma ACTH level after air exposure. Furthermore, measurements w ithin 30 min after 
air exposure did not reveal any ACTH peak, indicating that air exposure induced an ACTH- 
independent cortisol rise. Only an increase of a-MSH was found, indicating that air expo­
sure activates the melanotrope cells in the pars intermedia of the pituitary gland, but not 
the corticoptrope cells in the pars distalis. Differential effects of stressors on ACTH and 
MSH cells have also been reported for salmonids and tilapia (Sumpter et al., 1985, 1986; 
Balm et al., 1994). As indicated by the rise in plasma lactate, air exposure induced acido­
sis by increased anaerobic muscle activity, associated w ith the observed avoidance beha­
viour. As a-MSH is released in response to a low water pH in tilapia and as acid water cau­
ses acidosis (Lamers et al., 1994), we suggest that the rise in plasma a-MSH after air expo­
sure is mediated by plasma acidosis.
W hat then, triggered the cortisol rise in air-exposed fish? The data strongly sug­
gest that corticotrophic messengers other than ACTH are involved. As air exposure indu­
ces hypoxia, the decrease in blood oxygen content may have triggered the release of CAs 
(Reid et al., 1998). In eel, CAs released by the chromaffin cells of the head kidney stimu­
late, in a paracrine fashion, the interrenal cells and trigger a cortisol response (Epple et 
al., 1993). However, a direct effect of catecholamines on the cortisol release in vivo could 
not be demonstrated for carp (Gfell et al., 1997). Gfell and colleagues (1997) demonstrated 
that the head kidney of carp is influenced by the parasympathetic system acting on inter­
renal cells, by showing tha t acetylcholine stimulated cortisol secretion in vitro.
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Figure 4. Effects of air exposure and confinement on 
plasma parameters in sea bream. a: changes in plasma 
osmolality in sea bream exposed to air for 3 min (solid 
line), or in sea bream confined up to 24 h (dotted line); 
b: plasma Na (solid line), Cl (dotted line) and Mg (das­
hed line), in sea bream exposed to air for 3 min; c: plas­
ma Na (solid line), Cl (dotted line) and Mg (dashed line) 
in sea bream confined for 24 h. *: P<0.05; **: P<0.01 
significant differences compared to the control at t=0; 
(n=8; mean ± S.E.M.).
Time (hours)
Considering the association of interrenal and chromaffin cells in the head kidney, relea­
se of cortisol in air exposed fish could be mediated either indirectly by chromaffin cells 
in a paracrine matter or directly via cholinergic activation of the interrenal cells. Thus, 
the marked elevation of plasma cortisol levels following air exposure may have resulted 
from a parasympathetic activation rather than from POMC-derived hormones.
Confinement for up to 24 h induced an initial rise in the plasma cortisol level, 
up to 8 times that of controls. Tort et al. (1996), demonstrated a 3-fold increase of plasma 
cortisol level after 2 days of confinement (5 nM in controls to 15 nM after confinement) 
in sea bream. The lower cortisol response in the latter study can be ascribed to the diffe­
rences in density that the fish experienced: we increased the density to 70 kg.m-3, whe­
reas Tort and colleagues increased it to 22 kg.m-3.
In Sparus aurata the activation of the BPI-axis in response to 24 h confinement 
appears rather transient as plasma cortisol, ACTH and a-MSH returned to control levels 
w ithin a few hours. The response to 11 days confinement was particularly noticeable at 
days 2 and 3. The ACTH-independent rise in plasma cortisol after 2 days confinement was 
accompanied by a rise in plasma glucose levels, indicating that the increase of plasma 
cortisol have resulted from parasympathetic activation (Randall and Perry, 1992). Plasma 
a-MSH levels had increased during the first days of the confinement. This increase in a -  
MSH by itself can not explain the ACTH-independent rise in plasma cortisol levels obser­
ved after 2 and 3 days confinement in Sparus aurata. Indeed, a similar elevation of plas­
ma a-MSH levels was found in the short-term (24h) confinement experiment, where plas­
ma cortisol levels already had returned to control levels. As the P-endorphin level was 
also elevated on the long-term, we do not exclude that synergistic effects of a-MSH and 
P-endorphin, as described for tilapia (Balm et al., 1995), triggered the release of cortisol 
in long-term confined gilthead sea bream.
The P-endorphin response to the 24 h confinement was less clear. We observed 
an increase of plasma P-endorphin coinciding with a decrease in plasma a-MSH 24 h 
after the onset of confinement. Assuming that in fish (Rodrigues and Sumpter, 1983), as 
in other vertebrates (Mains and Eipper, 1979; Martens et al., 1980), acetylated P-endor­
phin is co-released w ith a-MSH, we speculate that during confinement the peripheral cle­
arance of the peptides differs or that the acetylation machinery for P-endorphins in the 
MSH cells is specifically stimulated. Surprisingly, the opposite pattern was found during 
the second week of the experiment, i.e. decreased P-endorphin levels and increased a -
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MSH levels. The antibody that was used in the P-endorphin RIA specifically recognises N- 
acetylated endorphins, which are released only by the melanotrope cells of the pars inter­
media (Takahashi et al, 1984). During the first seven days of the 11 days confinement peri­
od, a strong and persistent increase of N-acetylated P-endorphin levels was demonstrated 
as a combined response of fasting and confinement. For mammals it has been shown that 
levels of N-acetylated endorphins increase when animals are fasting. During the long­
term  confinement experiment the fish were not fed and therefore the increased plasma 
P-endorphin levels can be partially related to nutritional status. Recently, an increase of 
acetyl endorphin has also been demonstrated in sea bream subjected for one m onth to 
confinement and crowding (Mosconi et al., 1998).
We observed daily variations in plasma cortisol levels around feeding times. 
Diurnal variations in plasma cortisol levels and in other plasma parameters have been 
demonstrated in many fish species, including sea bream (Pavlidis et al., 1997) and varia­
tions attributable to such factors as feeding regimen and season have been reported befo­
re (Spieler and Noeske, 1984; Cerda et al., 1998). As daily variations at sampling times 
could interfere w ith our measurements, feeding was stopped 24 h before the start of the 
experiments and this proved to take away daily variations in plasma cortisol.
Metabolic response
Clear differences were observed between the metabolic responses of the air-expo­
sed and confinement groups. Air exposure induced a strong and rapid increase of both 
glucose and lacate. These results point to a sympathetic activation of the chromaffin cells 
in the head kidney and the release of CAs. Arterially infused CAs have been shown to indu­
ce hyperglycemia in carp, and increased plasma lactate levels are associated with elevated 
CA concentrations and hypoxia (van Raaij et al., 1995, 1996; Fabbri et al., 1998). As gas 
exchange is compromised in air-exposed fish, the resulting hypoxia will contribute to the 
production of high lactate levels (Vijayan et al., 1994; Maxime et al., 1995). Furthermore, 
it has been shown for juvenile rainbow trout that 30 s handling results in a rise of plasma 
glucose levels, even in fish fed cortisol-enriched food to downregulate their cortisol pro­
ducing cells (Barton et al., 1987). Hepatic glycogenolysis has been shown to be a source for 
such a CA-mediated rise of plasma glucose (Vijayan et al., 1994).
In confined fish plasma glucose levels increased gradually and less explicitly 
when compared to the rapid and strong rise of glucose in air-exposed fish. Enhanced gly-
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cogenolysis or a decreased clearance of glucose from the blood was shown to be the source for 
increased plasma glucose levels in confined tilapia (Vijayan et al., 1997). Moreover, gluconeo- 
genesis could explain the rise in plasma glucose independently of altered glucose clearance, 
as was reported for confined sea raven (Hemitripterus americanus; Vijayan and Moon, 1994).
Hydromineral response
Many stressors affect the hydromineral balance in fish (Wendelaar Bonga, 1997). In 
our experiments, a disturbance of the hydromineral balance was found in both the air-expo- 
sure and the confinement experiment, however, the magnitude and the time profile of the 
responses differed.
In fish stressed by air exposure, osmolality and plasma Na, Mg and Cl increa­
sed rapidly whereas protein levels, plasma K, Ca and P were not affected. Apparently 
only a moderate and rather specific loss of permeability control occurred 
during air exposure. On the basis of the changes in plasma glucose and 
lactate discussed above, we assume that air exposure induced a rapid 
CA response w ithin the 1 h time span of the experiment.
Although highly elevated CA levels may have a beneficial effect 
by stimulating oxygen uptake via the gills, these may also 
result in increased permeability of the surface epithelia to 
water and ions (McDonald and Milligan, 1992). As seawater is 
hyperosmotic and hyperionic to the blood plasma of Sparus 
aurata, an increased permeability of the surface epithelia to water 
and ions leads to an influx of ions and an efflux of water and, during severe 
stress, plasma proteins.
In fish stressed by confinement, plasma osmolality only tended to increase < 
h after the onset of the confinement, and small but significant increases of plasma Na,
Mg and Cl occurred. On the other hand, plasma K, Ca and P did not change notably.
Summary
We showed that air exposure and confinement have different effects on plasma cort­
isol, ACTH, a-MSH, p-endorphin, glucose and lactate levels, as well as on plasma Na, Cl and 
Mg levels. The observations on the marked elevations of plasma cortisol, glucose and lactate 
during air exposure indicate a stimulation of the BSC-axis with little or no activation of the 
ACTH and a-MSH cells. Apparently, confinement mainly stimulates the BPI-axis, whereas it 
produces a marked rise of plasma ACTH, a-MSH and p-endorphin levels. Thus, the stress res­
ponse in sea bream is far from uniform and involves stimulus-dependent pathways.
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Abstract
We investigated the effect of a single cortisol injection (20 mg cortisol/kg body 
weigth i.p.) 24 h prior to air exposure (3 min) or confinement (up to 48 h) on the stress 
response of gilthead sea bream Sparus aurata L. Plasma glucose and lactate were taken as 
indicators of sympathetic activation and stimulation of the brain-sympathetic-chromaffin 
cell (BSC) axis, and a-melanocyte stimulating hormone (a-MSH), adrenocorticotrophic 
hormone (ACTH) and cortisol as indicators of activation of the brain-pituitary-interrenal 
(BPI) axis. In fish confined to a density of 70 kg.m-3 (versus 4 kg.m-3 in controls), cortisol 
and ACTH increased within 1 h only in controls, and not in the cortisol-injected fish, indica­
ting an inhibition of the BPI-axis. Also plasma glucose increased only in the controls, albeit 
only after 48 h. No changes in plasma a-MSH, P-endorphin, lactate, osmolality, Na, Cl, 
and K were observed after 1, 24 or 48 h confinement in controls or cortisol-injected fish. In 
control fish, air exposure resulted within 30 min in an increase of plasma levels of cortisol, 
ACTH, a-MSH, glucose, lactate, osmolality and plasma Na and Cl; no such response was 
seen in cortisol-injected fish. Plasma P-endorphin and plasma K levels did not change in 
both groups. Our data provide evidence that in controls confinement activates the BPI-axis, 
without stimulation of the a-MSH cells, whereas air exposure predominantly activates the 
BSC-axis and the a-MSH cells. Furthermore, cortisol administration 24 h prior to confine­
ment or air exposure inhibits the corticotrope cells, but not the melanotrope cells in the pit­
uitary gland of sea bream. Responses normally involving catecholamine release (rises in 
glucose and lactate) were completely abolished by cortisol injection. Thus, cortisol exerts 
feedback inhibition on both the BSC- and the BPI-axis in Sparus aurata L.
Keywords: stress, cortisol injection, negative feedback, air exposure, confinement, Sparus 
aurata, teleost, brain-pituitary-interrenal axis, brain-sympathetic-chromaffin axis, ACTH, a -  
MSH, glucose, lactate, plasma minerals.
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In t roduct ion
Cortisol secreted by the interrenal cells of the head kidney is considered the most 
im portant end product of the stress response in fish. To synthesise cortisol, the interrenal 
cells receive neuronal input from the brain-sympathetic-chromaffin cell (BSC) axis and are 
stimulated by humoral factors from the brain-pituitary-interrenal (BPI) axis (Wendelaar 
Bonga, 1997). The main messengers involved in the activation of the interrenal cells are 
catecholamines (CAs) from the BSC-axis and proopiomelanocortin (POMC) derived pepti­
des from the pituitary gland viz. adrenocorticotrophic hormone (ACTH), melanocyte sti­
mulating hormone (a-MSH) and P-endorphin from the BPI-axis. Liver, gills, kidney and 
intestine, the organs that regulate energy metabolism and the hydromineral balance are 
im portant targets for cortisol. Thus, in fish, cortisol combines glucocorticoid and mine- 
ralocorticoid actions. Furthermore, at high levels, typical for stress, cortisol affects repro­
duction, reduces growth rate and suppresses the immune system (Wendelaar Bonga,
1997).
A variety of studies have been carried out to evaluate the effects of cortisol injec­
tions on specific targets in fish. Modifications of osmoregulatory processes by cortisol 
have been demonstrated, w ith Na/K ATPase activity of gills, kidney and intestine as one of 
the main targets. Intraperitoneally injected cortisol suppresses the rise of plasma sodium 
during seawater acclimation of coho salmon (Redding et al., 1991). Conversely, the decli­
ne of sodium after transfer of from seawater to brackish water was suppressed by cortisol 
injection in sea bream (Sparus aurata; Mancera et al., 1994). Artificially elevated cortisol 
levels also influence the glucocorticoid receptor population. Glucocorticoid receptor 
numbers and affinity in the gills are down-regulated by chronic cortisol treatm ent of 
coho salmon (Shrimpton and Randall, 1994). Furthermore, cortisol opposes the fasting- 
induced increase in num ber of cortisol binding sites on red blood cells in vitro (Pottinger 
and Brierley, 1997). The actions of cortisol on the reproductive system have been well esta­
blished in studies using cortisol implants. In tilapia (Oreochromis mossambicus), cortisol 
implants were found to depress testosterone levels (Foo and Lam, 1993). Intraperitoneal 
implantation of cortisol-releasing pellets in sexually maturing brown trout (Salmo trutta) 
resulted in smaller gonads (in male and female) and lower plasma testosterone levels 
(male) or reduced plasma 17 P-oestradiol levels (in female; Carragher et al., 1989). Cortisol 
implants in female rainbow trout (Oncorhynchus mykiss) decreased cytosolic and nucle­
ar estradiol binding sites in liver, whereas plasma estradiol was unaffected, demonstra­
ting a possible mechanism by which cortisol may suppress vitellogenesis (Pottinger, 1990). 
The immune system can also be affected by cortisol. In Atlantic salmon (Salmo salar), cort­
isol injection inhibited the humoral immune response by downregulation of the number 
of Ig positive cells (Espelid et al., 1996). Furthermore, oral administration of cortisol redu­
ced plasma IgM concentration in masu salmon (Oncorhynchus masou; Nagae et al., 1994) 
and the number of B-cells in carp (Cyprinus carpio; Weyts et al., 1998).
Cortisol has also feedback effects on the BPI-axis. In the freshwater (FW) goldfish, 
the CRF induced ACTH release of pituitary cells could be inhibited in vitro by cortisol 
(Fryer et al., 1984). Oral administration of the synthetic steroid dexamethasone has been 
demonstrated to block the BPI-axis in FW brown trout (Pickering et al., 1987). Chronic 
cortisol administration to juvenile FW rainbow trout (Salmo gairdneri) limits the capaci­
ty to give an interrenal response to a stimulus (Barton et al., 1987), and in FW coho salmon 
(Oncorhynchus kitusch) a direct negative feedback of cortisol at the level of the interrenal 
gland has been demonstrated in vitro (Bradford et al., 1992). In Atlantic salmon, the cor-
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Figure 1. Changes in plasma cortisol (a), glucose (b), 
ACTH (c) concentrations after oil (open bars) or cortisol 
injection (grey bars). *: P<0.05; ***: P<0.001 significant 
differences compared to t=0; +: P<0.05 significant diffe­
rences between controls and cortisol-injected fish; (n=8; 
mean ± S.E.M.).
Figure 2. Changes in plasma cortisol (a), ACTH (b), glu­
cose (c) concentrations in controls (open bars) and cort­
isol-injected (grey bars) sea bream subjected confine­
ment. T=4 h cortisol-injected fish has not been determ­
ined; *: P<0.05; **: P<0.01 significant differences com­
pared to t=0; +: P<0.05; ++: P<0.01; +++: P<0.001 sig­
nificant differences between controls and cortisol-injec­
ted fish; (n=8; mean ± S.E.M.).
ticosteroid antagonist RU 486 has been shown to block feedback inhibition by cortisol and 
increase plasma cortisol levels (Veillette et al., 1995).
Most reports so far describe fish in FW. So far, little is known about the effect of 
cortisol administration on the BSC- and BPI-axis in seawater fish. Recently, we have 
demonstrated a stressor-dependent activation of the BSC-axis by air exposure and of the 
BPI-axis by confinement in a seawater teleost, the sea bream (Sparus aurata L.; Arends et 
al., 1999). In the present study, we administered a high dose cortisol and air exposed or 
confined the fish to evoke an activation of the BSC- or BPI-axis, respectively. Hormonal, 
metabolic and hydromineral parameters were measured to evaluate feedback inhibition 
of the BSC- and BPI-axis by cortisol in sea bream.
M ate r ia ls  and Method s
Fish
Immature male gilthead sea bream (Sparus aurata L.), weighing 50 to 75 g, were 
obtained from an experimental fish culture centre (CICEM “El Toruno”, El Puerto de Santa 
Maria, Spain). During the experiments (May - July, 1998), the fish were kept under envi­
ronmental conditions of photoperiod and water temperature (22-24°C). For each experi­
ment, 200 fish were kept in well-aerated 5000 L tanks at a density of 4 kg.m-3. The seawa­
ter was continuously refreshed (250 l/h) and aerated through air stones. Fish were fed 
twice a day (9 am and 6 pm) w ith 1% body weight commercial dry pellets (Dibaq-Diprotg 
S.A., Segovia, Spain).
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Experimental protocol
For each time point, 12 - 16 fish were transferred from their stock tank to grey 
cylindrical experimental tanks (V = 500 L; diameter tank: 0.85 m), containing a plastified 
iron wire-net cage with a total volume of 250 L (inner diameter cage: 0.60 m) to obtain a 
fish density of 4 kg.m-3; the fish were allowed to acclimate to the experimental tank for 6 
days. Feeding was stopped 24 h before the experiments. No mortality was observed in any 
group during the experiments. To minimise confounding effects of tank-related influen­
ces control and experimental groups were sampled from randomly chosen tanks at rand­
omly chosen time points during each experiment. Twenty-four hours preceding the start 
of the experiments fish were injected intraperitoneally with cortisol. Hemisuccinate-cort- 
isol (Sigma, St. Louis, USA) was emulsified in mixed-cereal oil (4 mg/ml per gram body 
weight) and administered under light anaesthesia by intraperitoneal injection (Bollard et 
al., 1993; Mancera et al., 1994; Specker et al., 1994).
Experiment I: 24 hours confinement. Fish were confined up to 24 h by lifting the 
wire-net cage in the tank (water depth about 10 cm) to increase the stocking density from 
4 to 70 kg.m-3. This treatm ent is further referred to as confinement. Fish (n=8 per group) 
were sampled at 0 (before confinement) and at 1, 24 and 48 h during confinement. Fish 
were anaesthetised for 1 min by taking the cage out of the tank and transfer of the fish to 
a bucket containing 0.1% 2-phenoxyethanol (Sigma, St. Louis, USA). Once anaesthetised 
(always w ithin 1 min), the fish were taken out of the bucket. One ml blood was taken from 
the caudal vessels using a syringe containing 35 |il 2% Na2 -EDTA (Sigma, St. Louis, USA) 
and 25 |il Trasylol (equivalent to 250 Kallikrein Inhibiting Units, Bayer, Leverkusen,
33
CHAPTER 3
Figure 3. Changes in plasma cortisol (a), ACTH (b), a - 
MSH (c) concentrations in controls (open bars) and cort­
isol-injected (grey bars) sea bream subjected to 3 min air 
exposure. *: P<0.05; **: P<0.01; ***: P<0.001 signifi­
cant differences compared to t=0; +: P<0.05; +++: 
P<0.001 significant differences between controls and 
cortisol-injected fish; (n=8; mean ± S.E.M.).
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Germany). All blood samples were taken w ithin 5 min after capture (n=8 per group). 
Plasma was separated from cells by centrifugation for 20 min at 3000 rpm and was stored 
at -20°C until further analyses.
Experiment II: air exposure. Fish were exposed to air for 3 min, by lifting the 
wire-net cage out of the tank after which the cages were put back into the tanks. Fish (n=8 
per group) were sampled at 0 (without air exposure) and at 0.5, 1 and 4 h after air expo­
sure, as described above.
Analyses
Osmolality and plasma minerals. Osmolality was measured with a freezing point 
depression osmometer (Roebling osmometer type 4B). Plasma Na and K concentrations 
were determined by flame photometry (Radiometer Copenhagen FLM3 flame photome­
ter); the Cl concentration was determined spectrophotometrically with the ferrothiocya- 
nate method (on 200-fold diluted plasma).
Hormone radioimmunoassays (RIAs). The plasma cortisol concentration was 
measured with a highly specific antibody for cortisol (Coat-A-Count Cortisol 125I RIA kit, 
DPC, LA, USA) in 25 |il plasma. The radioactivity was quantified using a Cobra II y-coun- 
ter (Packard Intruments Company). Cross-reactivity with cortisone was less than  1.0%. The 
intra-assay variation was 5.1% (n=20), the inter-assay variation 6.4% (n=20). The RIA for a -  
MSH was based on an antibody described by Vaudry et al. (1978), and was used in a final 
dilution of 1:60.000. The cross-reactivity of this antiserum w ith des-, mono- and diacety- 
lated a-MSH is 100%. Immunocomplexes were precipitated w ith 15% (w/v) polyethylene 
glycol and 2.4% (w/v) ovalbumin as described previously (van Zoest et al., 1989). ACTH was 
measured by RIA as described by Balm et al. (1994) for tilapia, using an antibody raised in 
rabbit against hum an A C T ^ ^  (Dores et al., 1993). Immunocomplexes were collected by 
precipitation with a sheep-anti-rabbit second antibody and 7.5% (w/v) polyethylene glycol. 
Pituitary homogenates of sea bream prepared in 0.01 M HCl and diluted in RIA assay buf­
fer displaced radiolabeled ACTH from the antibody in parallel w ith dilutions of the stan­
dards used. Cross-reactivity w ith a-MSH was negligible. For the RIA of P-endorphins an 
antiserum recognising N-terminally acetylated endorphins was used (Takahashi et al., 
1984). The antiserum has full cross-reactivity w ith acetylated forms of mammalian P- 
endorphins, while cross-reactivity w ith non-acetylated endorphins is less than 0.1% (Dores 
et al., 1991). For RIA, the antibody was used in a final dilution of 1:100.000. 
Immunocomplexes were precipitated with 15% (w/v) polyethylene glycol and 2.4% (w/v) 
ovalbumin.
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Plasma Glucose, Lactate and Protein. Plasma glucose and lactate were measured 
using commercial kits from Sigma (Iwama et al., 1989). Plasma protein was measured 
using the bicinchoninic acid method (Smith et al., 1985) w ith a BCA protein kit (Pierce, 
Rockford, USA, Rockford, USA).
Statistical analysis
In all experiments, differences among groups were assessed by means of one-way 
analysis of variance (ANOVA). Subsequently, significance of differences between mean 
values was tested w ith the Dunett’s Multiple Comparison Test or the Kruskal-Wallis rank 
sum test. Where indicated by Bartlett’s test the homogeneity of variance was improved by 
appropriate transformations of the data. Statistical significance was accepted at P < 0.05. 
Values (n=8 for all groups) are presented as mean ± standard error of the mean (S.E.M.). 
Significant difference w ith t=0 w ithin every treatments is indicated by “*”, significant dif­
ference between controls and cortisol-injected fish for every time point is indicated by “+”.
Results
Six hours after intraperitoneal injection of cortisol plasma cortisol levels had 
increased from 27 nM at t=0 in controls to 2760 nM (Fig. 1a). Plasma cortisol levels were
Figure 4. Changes in plasma glucose (a) and lactate (b) concentrations in controls (open bars) and cortisol-injected 
(grey bars) sea bream subjected to 3 min air exposure. *: P<0.05; ***: P<0.001 significant differences compared to 
t=0; +++: P<0.001 significant differences between controls and cortisol-injected fish; (n=8; mean ± S.E.M.).
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Figure 5. Effects of air exposure on hydromineral plasma 
parameters in controls (open bars) and cortisol-injected 
(grey bars) sea bream. Changes in osmolality (a); Na (b) 
and Cl (c). **: P<0.01; ***: P<0.001 significant diffe­
rences compared to t=0; +: P<0.05; +++: P<0.001 signi­
ficant differences between controls and cortisol-injected 
fish; (n=8; mean ± S.E.M.).
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elevated up to 11 h after injection after which they declined to control levels at t=35 h. 
The rise in plasma cortisol was accompanied by an increase of plasma glucose 6 h after 
injection (Fig. 1b). Cortisol injection decreased plasma ACTH levels 5-fold 6h after injecti­
on and inhibited the ACTH release up to t=35 h (Fig 1c). No changes in plasma a-MSH and 
P-endorphin levels were found (results not shown).
Twenty-four hours after injection fish were subjected to confinement or air expo­
sure. Controls and cortisol-injected fish were confined for 48 h. Only in controls plasma 
cortisol increased after 1 h confinement (Fig. 2a) and returned to control levels at t=4 h. 
After 24 h confinement plasma cortisol had increased again in controls and at t=48 h had 
returned to control level. In cortisol-injected fish plasma cortisol was 210 nM at t=0 h (due 
to the cortisol administration) and decreased to almost 50 nM 24 h after confinement. 
After 48 h of confinement cortisol levels increased again in cortisol-injected fish. In con­
trols elevated cortisol levels were accompanied by a rise in plasma ACTH 1 h after confi­
nement, but not at t=24 h (Fig. 2b). Plasma ACTH levels were very low (± 1 pM) during the 
first hours of confinement in cortisol-injected fish and rose to control levels after 24h. 
Long-term confinement slightly increased plasma glucose (Fig. 2c) after 48 h in controls. 
However, long-term confinement had no effect on plasma levels a-MSH, P-endorphin, 
lactate, osmolality, sodium potassium or chloride at sampling time points 1, 24 and 48 h 
in controls or cortisol-injected fish.
During 3 min of air exposure (experiment II), the fish showed an escape reaction 
(floundering) during the first minute of air exposure, followed by a quiet period before 
they started floundering again. Plasma cortisol levels rose from 12 nM to almost 1000 nM 
30 min after air exposure (Fig. 3a) in controls. In cortisol-injected fish plasma cortisol did 
not rise. At t=0 the cortisol level in these fish was elevated (106 nM) due to the cortisol 
administration. Thirty min after air exposure a slight increase of plasma ACTH was mea­
sured in controls (Fig. 3b). Air exposure induced a rise in plasma a-MSH after 60 min in 
controls (Fig 3c). No changes in plasma P-endorphin levels were found in both groups. 
Plasma glucose increased more than  2-fold w ithin 30 min after air exposure and remai­
ned elevated up to t=240 min in controls (Fig. 4a). In cortisol-injected fish glucose levels 
were higher at t=0, and increased slightly the first hours after air exposure. A 5-fold incre­
ase of plasma lactate was found 30 min after air exposure in controls, whereas in cortisol- 
injected fish plasma lactate doubled (Fig. 4b). Figure 5 shows the effects of air exposure on 
hydromineral parameters. A highly significant 13% increase of plasma osmolality was 
found 30 min after air exposure in controls, not in cortisol-injected fish (a). This rise in 
osmolality was accompanied by elevated plasma sodium (b) and chloride levels (c), again
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only in controls. No changes in plasma potassium levels were detected. The cortisol to 
ACTH ratio in controls from both experiments are depicted in figure 6.
Discussion
To realise a prolonged elevation of plasma cortisol levels in fish, intraperitoneal 
implants of coconut oil are very effective provided the water temperature is not exceeding 
24°C, the melting point of coconut oil (Vijayan et al., 1994). However, our experiments 
were performed at a water temperature of 22-24°C which is too close to this melting point. 
A good alternative was found by emulsifying cortisol in mixed-cereal oil: a single intrape­
ritoneal injection of such emulsions resulted in an elevation of plasma cortisol levels for 
about 24 h. This is considerably longer than when cortisol is suspended in saline (up to 6 
h, Mancera et al., 1994), although shorter than after administration of the steroid in coco­
nut oil implants (at least 7 days, Vijayan et al., 1994).
Cortisol injection increased plasma glucose concentrations 6 hours after admi­
nistration in sea bream. This may be a result of glycogenolysis, gluconeogenesis, decrea­
sed clearance, or a combination of these processes as has been reported for tilapia (Vijayan 
et al., 1997). In trout, on the other hand, no effect of cortisol on the plasma glucose con­
centration was found 7 days after implantation of cortisol containing osmotic minipumps 
(Andersen et al., 1991) or coconut oil containing cortisol (Vijayan et al., 1994). Several 
mechanisms are involved in hyperglycaemia after cortisol administration in fish and spe­
cies differences are substantial. In brook charr (Salvelinus fontinalis), cortisol increases 
hepatic activities of gluconeogenic enzymes and stimulates hepatic glucose production 
via gluconeogenesis using amino acids or lactate as substrate (Vijayan et al., 1991). 
However, in rainbow trout w ith highly elevated cortisol levels the conversion of alanine 
and lactate into glucose, CO2  and protein was unchanged (Andersen et al., 1991).
In our experiments, basal plasma ACTH levels were inhibited in cortisol-injected 
sea bream indicating feedback regulation by cortisol at the levels of the pituitary gland. 
This is in line w ith results obtained by Fryer and colleagues (1984), who demonstrated a 
direct inhibition by cortisol on the ACTH-releasing activity of CRF and urotensin I in gold­
fish.
Confinement mainly activates the BPI-axis in sea bream (Arends et al.,1999). 
However, cortisol injection 24 h prior to confinement could completely abolish the res­
ponse of the corticotrope cells in the pars distalis. On the other hand, the response of 
melanotrope cells in the pars intermedia was unaffected. These data indicate that feed­
back regulation of corticotrope cells, but not melanotropic cells, is under negative feed-
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Figure 6. Cortisol to ACTH ratio in control sea bream 
subjected to 3 min air exposure (grey bars), or up to 48 
h confinement (open bars). **: P<0.01; ***: P<0.001 
significant differences compared to t=0; (n=8; mean ± 
S.E.M.).
Time (hours)
back control by cortisol. The ACTH-independent rise in plasma cortisol after 24 h confi­
nement was accompanied by a rise in plasma glucose levels, indicating elevated plasma 
catecholamine (CA) levels and sympathetic activation. The increase of plasma cortisol may 
have resulted from sympathetic or parasympathetic activation (see below; Randall and 
Perry, 1992; Gamperl etal., 1994). In brown trout (Salmo trutta), oral administration of the 
synthetic steroid dexamethasone inhibited the BPI-axis and blocked ACTH and cortisol 
secretion (Pickering et al., 1987). Furthermore, negative autofeedback of cortisol has been 
demonstrated on the interrenal cells of the head kidney. In coho salmon (Oncorhychus 
kisutch), cortisol exerted self-suppression in vitro (Bradford et al., 1992). Plasma glucose 
levels were elevated at the beginning of confinement in cortisol-injected fish due to 
hyperglycemic effects of cortisol, and did not further increase during prolonged confine­
ment. In controls, plasma glucose increased after 2 days confinement most likely due to 
gluconeogenesis, as reported for tilapia (Vijayan et al., 1997).
The cortisol response to air exposure was completely abolished in cortisol-injec­
ted sea bream indicating a feedback inhibition of the brain-sympathetic-chromaffin cell 
axis. Recently, we have reported a stressor-dependent activation of the stress response to 
air exposure and confinement in sea bream (Arends et al., 1999). Although in controls 
slightly elevated plasma ACTH levels were found 30 min after air exposure, these levels 
can not induce the phenomenal cortisol response observed, as plasma ACTH levels during 
confinement were of the same magnitude, whereas cortisol levels were 10 times lower. 
The cortisol to ACTH ratio indicates no or a very weak causal relationship between plasma 
ACTH and cortisol levels in response to air exposure. The activation of corticotrope cells 
after air exposure was even absent in an earlier study on sea bream (Arends et al, 1999). 
In the present study controls were anaesthetised and injected w ith oil 24 h before air 
exposure and this may have sensitised the corticotrope cells in the pars distalis to hand­
ling. Cortisol injection decreased the plasma ACTH levels suggesting an inhibitory feed­
back on the corticotrope cells in the pars distalis. Air exposure induced elevated a-MSH 
concentrations in controls and, but not significantly, in cortisol-injected fish. Apparently, 
cortisol does not inhibit the melanotrope cells in the pars intermedia. As indicated by the 
rise in plasma lactate in controls, air exposure induced acidosis, probably by increased 
anaerobic muscle activity (Milligan, 1996) associated with the avoidance behaviour that 
we observed. As a-MSH is released in response to a low water pH in tilapia and as acid 
water causes acidosis (Lamers et al., 1994), we suggest that the rise in plasma a-MSH after 
air exposure resulted from plasma acidosis (Arends et al, 1999).
Air exposure induces hypoxia and this has frequently been shown to result in a
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rapid rise in plasma glucose and lactate. Hypoxia has been associated w ith the activation 
of the BSC-axis and the release of CAs by the chromaffin cells in many teleosts (Barton and 
Iwama, 1991; McDonald and Milligan, 1992; Randall and Perry, 1992). Therefore, glucose 
and lactate can be considered as indicators of sympathetic activation during stress 
(Wendelaar Bonga, 1997). After air exposure, plasma glucose levels rose rapidly in controls 
but not in cortisol-injected fish. In cortisol-injected sea bream, plasma glucose levels were 
elevated from the beginning of the experiment as a result of cortisol administration. 
Therefore, the increase in glucose concentration in control, air-exposed fish can be ascri­
bed to the release of CAs, as catecholamine-induced increase in glucose production has 
been well established in vivo and in vitro in fish (Fabbri et al., 1998). Thus, the diminished 
glucose response in cortisol-injected sea bream points to feedback inhibition by cortisol 
on the BSC-axis. Air exposure increased plasma lactate levels in controls but not in cort­
isol-injected fish. An inhibition of CA release in cortisol-injected, air-exposed fish can also 
explain these results, as CAs are involved in the recovery from exercise in fish (Milligan, 
1996; Fabbri et al., 1998) by clearance of lactate from the muscle compartment. A feedback 
inhibition of circulating CAs by cortisol therefore will result in an inhibition of muscle 
recovery and keep plasma lactate levels low.
A disturbance of the hydromineral balance as reflected by increased plasma 
osmolality, sodium and chloride, occurred only in controls. Cortisol modifies osmoregu­
latory processes in gills via high-affinity cortisol receptors (Chakraborti et al., 1987). In sal­
mon, cortisol has been shown to decrease the rise in plasma sodium after transfer from 
fresh water to seawater (Redding et al., 1991), whereas in sea bream, the decline of plasma 
sodium and chloride after transfer from seawater to brackish water was suppressed by 
cortisol injection (Mancera et al., 1994). Furthermore, cortisol increased gill Na/K-ATPase 
activity in Atlantic salmon (Specker et al., 1994). High circulating CA levels also affect 
branchial structure and disturb the hydromineral control in fish by increased branchial 
permeability to ions (Wendelaar Bonga, 1997). Therefore, the disturbance of the hydromi­
neral balance in our air-exposed control fish was in all likelihood CA-mediated, indicated 
by elevated glucose and lactate levels, whereas in cortisol-injected, air-exposed fish circu­
lating CA levels were not elevated by negative feedback regulation through cortisol. 
Indeed, cortisol injection increased CAs storage and inhibited CA release in trout 
(Narnaware and Baker, 1996; Reid et al., 1996).
Our data provide evidence tha t a cortisol surge 24 h prior to air exposure or con­
finement, inhibits stress responses in sea bream. Cortisol specifically inhibits the cortico- 
trope cells, but not the melanotrope cells in the pituitary gland of sea bream. 
Furthermore, responses associated w ith catecholamine release were completely abolis­
hed. Thus, cortisol exerts feedback inhibition on both the BPI- and the BSC-axis in sea 
bream (Sparus aurata L.).
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Abstract
Melanocyte stimulating hormone (MSH) is a pituitary hormone derived by post- 
translational processing from proopiomelanocortin (POMC) and involved in stress en 
background adaptation. N-terminal acetylation of MSH to monoacetyl a-MSH or diacetyl 
a-MSH increases the bioactivity of the peptide. The aim of this study was to characterise 
a-MSH acetylation in the sea bream pituitary gland in response to the stressors air exposu­
re and confinement, as well as in fish adapted for 15 days to a white, grey or black back­
ground. Pituitary homogenates were purified by reverse phase high performance liquid 
chromatography (RP-HPLC). The a-MSH content of fractions was measured by RIA. 
Immunoreactive RP-HPLC fractions were further analysed by electrospray mass spectrome­
try (EMS) and the peptide sequence determined to SYSMEHFRWGKPV-NH2 . In the pituita­
ry gland of sea bream des-, mono- and diacetyl a-MSH were identified. Then plasma a -  
MSH levels were measured in sea bream adapted to different backgrounds. Surprisingly, we 
found the highest plasma a-MSH levels in white adapted as compared to black adapted 
sea bream with intermediate values for grey adapted fish. This observation is in contrast 
with results that have been obtained in eel, trout or terrestrial vertebrates. Next, des-, 
mono- and diacetyl a-MSH forms were measured in homogenates of the pituitary gland 
and in plasma of sea bream exposed to air, to confinement or to different backgrounds. 
Monoacetyl a-MSH was the predominant form in all control and experimental groups. The 
lowest content of monoacetyl a-MSH relative to des- and diacetyl a-MSH was found in 
white adapted fish. Levels of des- and diacetylated a-MSH forms were similar under all 
conditions. We conclude that monoacetyl a-MSH is the most abundant isoform in the pit­
uitary gland after background adaptation, confinement and air exposure, in sea bream. 
These data indicate that the physiologically most potent isoform of a-MSH may vary from 
species to species.
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Int roduct ion
In fish, as well as in other vertebrates, the pituitary pars intermedia cells main­
ly synthesise proopiomelanocortin (POMC)-derived peptides of which melanocyte stimu­
lating hormone (a-MSH) is considered a pivotal product. Posttranslational processing of 
a-MSH such as C-terminal amidation and N-terminal acetylation results in three forms of 
a-MSH viz. desacetyl, monoacetyl and diacetyl a-MSH, further referred to as a-MSH iso­
forms. Both amidation and acetylation are essential for optimal biological activity of the 
peptide (Castro and Morrison, 1997). a-MSH has been chemically and biologically cha­
racterised in the pituitary gland of salmon (Onchorhynchus keta; Kawauchi et al., 1984), 
goldfish (Carassius auratus), carp (Cyprinus carpio; Follenius et al., 1985), tilapia 
(Oreochromis mossambicus; Lamers et al., 1991), gar (Lepisosteus spatula and Lepisosteus 
osseus) and bowfin (Amia calva; Dores et al., 1994). Furthermore, a-MSH has been demon­
strated in other parts of the fish brain (Kishida et al., 1988; Vallarino et al., 1989) and in 
ovary of the sea bream (Sparus aurata) and sea bass (Dicentrarchus labrax; Mosconi et al.,
1994).
In lower vertebrates, a-MSH has been studied most intensively in the African 
clawed toad (Xenopus laevis) with respect to the regulation of melanophores of the skin 
during background adaptation (Roubos, 1997). Transfer of white animals to a black back­
ground results in dispersion of melanophore pigment w ithin a few hours and increases 
plasma a-MSH levels after 24 hours (van Zoest et al., 1989). Desacetyl MSH has been 
determined as the major storage form of a-MSH in both white and black adapted toads, 
whereas monoacetyl a-MSH has been identified as the major secreted form (Maruthainar 
et al., 1992; van Strien et al., 1995). In fish, the involvement of a-MSH during background 
adaptation of the skin has been demonstrated in tilapia (Sarotherodon mossambicus; van 
Eys and Peters, 1981), eel (Anguilla anguilla)and trout (Salmo gairdneri; Baker et al., 1984; 
Gilham and Baker, 1984).
Besides its role in dispersion of melanophore pigment in dermal melanophores, 
a-MSH is involved in the stress response in fish (Wendelaar Bonga, 1997). Three minutes 
of air exposure induced an increase of plasma a-MSH levels in sea bream (Arends et al, 
1999). When brown trout (Salmo trutta) were subjected to handling and confinement 
combined w ith a therm al shock plasma a-MSH levels increased (Sumpter et al., 1985). In 
rainbow trout (Onchorhynchus mykiss), plasma a-MSH was elevated when fish were kept 
restrained out of water (Sumpter et al., 1986). Chronic exposure to acidified water activa­
tes the melanotrope cells of tilapia resulting in release of diacetyl a-MSH. In Mozambique 
tilapia, diacetyl a-MSH has been demonstrated to have corticotropic activity and stimu­
lates cortisol release in vitro (Lamers et al., 1992) and the corticotropic activity of a-MSH 
is probably potentiated by acetylated P-endorphin (Balm et al., 1995).
These studies indicate tha t diacetyl a-MSH is the most im portant form of the 
hormone for stress adaptation. In trout, as in Xenopus laevis, desacetyl a-MSH has been 
shown to be most abundant in the pituitary gland. Other studies in fish have reported dif­
ferent results regarding to acetylation of a-MSH in the pituitary gland. In carp and gold­
fish diacetyl a-MSH has been detected predominately in the intracellular pool (Follenius 
et al., 1985). Similar results have been obtained in gar and bowfin (Dores et al., 1994).
So far, little is known about the role of a-MSH isoforms in background and stress 
adaptation in sea bream. The aims of this study were: (1) to characterise a-MSH isoforms 
in the pituitary gland of sea bream (Sparus aurata) by means of high performance liquid 
chromatography (HPLC) combined w ith radioimmunoassay (RIA); (2) to isolate the iso­
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Figure 1. Representative profile of a - 
MSH immunoreactivity in RP-HPLC frac­
tions 5 to 30 of a homogenate of the 
pituitary gland. Acetonitril gradient is 
shown by dashed line on y-axis.
Indicated by arrows; the synthetic stan­
dards des- (1), mono- (2), and diacetyl 
(3) a-MSH were chromatographed sepa­
rately and detected at an absorbance of 
218 nm.
Time (min)
forms of a-MSH and determine the molecular mass and peptide sequence by electrospray 
mass spectrometry (EMS); (3) to study a possible involvement of a-MSH isoforms in back­
ground adaptation; (4) to investigate a possible involvement of a-MSH isoforms in the res­
ponse to the stressors air exposure or confinement.
M ate r ia ls  and Method s
Fish
Immature male gilthead sea bream (Sparus aurata L., further called sea bream), 
weighing 60 to 200 g, were obtained from an experimental fish culture centre (CICEM “El 
Toruno”, El Puerto de Santa Maria, Spain). During the experiments (May - July, 1998), the 
fish were kept under environmental conditions of photoperiod and water temperature 
(22-24°C). For each experiment, 200 fish were kept in well-aerated 5000 L stock-tanks at a 
density of 3-5 kg.m-3. The water was continuously refreshed (250 l/h) and supplied with 
air through air stones. Fish were fed twice a day (9 am and 6 pm) w ith 1% body weight 
commercial dry pellets (Dibaq-diprotg S.A., Segovia, Spain).
Experimental protocol
Fish, 12 - 16 per group and one group for each sample point, were transferred 
from their stock tank to a plastified iron wire-net cage w ith a total volume of 250 L (inner 
diameter cage: 0.60 m) in an experimental tank. Three wire-net cages were placed in one 
white rectangular tank (V = 1600 L; length 2.50 m, height: 0.85 m, width: 0.75 m, for exp. 
I), or one wire-net cage was placed in either a grey cylindrical experimental tank (V = 500 
L; diameter tank: 0.85 m, for exp. I, II and III), or a black cylindrical experimental tank (V 
= 500 L; diameter tank: 0.85 m, for exp. I). The fish density was 4 kg.m-3 in all cases. The 
fish were allowed to acclimate to the experimental tanks for 6 days. Feeding was stopped 
24 h before the experiments. No mortality was observed in any group during the experi­
ments.
Experiment I: background adaptation. Fish were kept in white, grey or black 
tanks for 15 days. After the adaptation to the different backgrounds, fish were anaesthe­
tised for 1 min by taking the wire-net cage out of the tank and transfer of the fish to a buc­
ket containing 0.1% 2-phenoxyethanol (Sigma, St. Louis, USA). Once anaesthetised (always 
w ithin 1 min), the fish were taken out of the bucket. One ml blood was taken from the 
caudal vessels using a syringe containing 35 |il 2% Na2 -EDTA (Sigma) and 25 |il Trasylol 
(equivalent to 250 Kallikrein Inhibiting Units, Bayer, Leverkusen, Germany). Blood samp­
les were taken w ithin 5 min after capture (n=8 per group). Plasma was separated from
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Figure 2a. Partial mass spectrum (from 
1400 to 1800 Da) from a RP-HPLC frac­
tion of a pituitary gland homogenate 
eluting at 19 min. Arrow indicates the 
position of monoacetyl a-MSH.
cells by centrifugation for 20 min at 3000 rpm and was stored at -80°C until further ana­
lyses.
Experiment II: air exposure. Fish were exposed to air for 3 min, by lifting the 
wire-net cage out of the grey tank after which the cages were put back into the tanks. Fish 
(n=8 per group) were sampled at t=0 (without air exposure) and 20 or 60 min after air 
exposure, as described above.
Experiment III: 24 hours confinement. Fish were confined up to 24 h by lifting 
the wire-net cage in the grey tank (water depth about 10 cm) to increase the stocking den­
sity from 5 to 70 kg.m-3. This treatm ent is further referred to as confinement. Fish (n=8 
per group) were sampled as described under experiment I at t=0 (before confinement) and 
after 2, 5 or 26 h confinement.
Figure 2b. Alignment of a-MSH sequences. Amino acid differences with sea bream MSH are boxed. 
The sequences are from EMNEW data base: accession numbers are for carp-I: Y14618 and for carp-II: 
Y14617 (Arends etal, 1998); and from SWISS-PROT data base: accession numbers are for trout-A: 
Q04617, for trout-B: Q04618, for salmon-II: P10000 for Xenopus-A: P06298, for Xenopus-B:
P06299, for rat: P01194 and for human: P01189. The amino acid sequence of salmon-I has been 
taken from Kawauchi (1983).
1 2 3 4 5 6 7 8 9 10 11 12 13 14
Sea bream S Y S M E H F R W G K P V -NH2
Carp-I S Y S M E H F R W G K P V G
Carp-II S Y S M E H F R W G K P V G
Trout-A S Y S M E H F R W G K P V G
Trout-B S Y S M E H F R W G K P m G
Salmon-I S Y S M E H F R W G K P G
Salmon-II S Y S M E H F R W G K P m G
Xenopus-A A Y S M E H F R W G K P G
Xenopus-B A Y S M E H F R W G K P V G
Rat S Y S M E H F R W G K P V G
Human S Y S M E H F R W G K P V G
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Figure 3. Plasma levels a-MSH (a) and total amount a - 
MSH in the pituitary gland (b) of sea bream adapted to 
different backgrounds, and relative contents des- (white 
bars), mono- (grey bars) and diacetyl (black bars) a - 
MSH % in the pituitary gland of sea bream adapted to 
different backgrounds (c). *: P< 0.05 significant diffe­
rence between white and grey or black adapted fish; 
n=8 (a, b), n=5 (c); mean ± S.E.M.
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Analyses
Hormone radioimmunoassays (RIAs). The plasma cortisol concentration was 
measured with a highly specific antibody for cortisol (Coat-A-Count Cortisol 125I RIA kit, 
DPC) in 25 |il plasma. The radioactivity was quantified using a Cobra II y-counter (Packard 
Intruments Company). Cross-reactivity w ith cortisone was less than 1.0%. The intra-assay 
variation was 5.1% (n=20), the inter-assay variation 6.4% (n=20). The RIA for a-MSH was 
based on an antibody described by Vaudry et al. (1978), and was used in a final dilution 
of 1:60.000. The cross-reactivity of this antiserum with des-, mono- and diacetylated a -  
MSH is 100%. Immunocomplexes were precipitated with 15% (w/v) polyethylene glycol and 
2.4% (w/v) ovalbumin as described previously (van Zoest et al., 1989).
Reversed-Phase HPLC (RP-HPLC). Pituitary glands were homogenised in 500 |il ice- 
cold 0.1M HCl using a glass-to-glass Potter homogeniser device. Membranes and particu­
late material in the homogenate were removed by centrifugation (10.000 g, 10 min). One 
hundred |il pituitary homogenate was separated on a Pharmacia |J.RPC C2/C18 sc 2.1/10 
column with dd^O /0 .1  % trifluoracetic acid (TFA) as equilibration eluent and a gradient 
of acetonitril/0.1 % TFA from 0 - 100 % as secondary eluent. The flow rate was 150 |il. 
min-1. One minute fractions were collected and tested for a-MSH immunoreactivity in a 
RIA. For calculation of the amount of des-, mono- or diacetyl a-MSH, the peak fraction 
and the two adjacent fractions were pooled. The sum of the amounts of des-, mono-, and 
diacetyl a-MSH was set at 100% a-MSH. Synthetic hum an des-, mono- and diacetyl a -  
MSH (Sigma, St. Louis, USA) were submitted to reversed-phase HPLC as marker peptides.
Electrospray Mass Spectrometry 
Electrospray mass spectrometry (EMS/MS) was performed on a micromass QTOF instru­
m ent using 6 kV fast xenon atoms according to the m anufactures’ guidelines. 
Approximately 2 pmol peptide (vacuum dried RP-HPLC fraction) was dissolved in 50% 
methanol / 50% acetic acid and placed in the capillary probe. For peptide sequencing col- 
lisionally induced ESM/MS spectra of the [M + H]+ ion were obtained by scanning w ith the 
second mass spectrometer at a 50 % main beam using argon as collision gas.
Statistical analysis
In all experiments, differences among groups were assessed by means of one-way 
analysis of variance (ANOVA). Subsequently, significance of differences between mean 
values was tested with the Dunett’s Multiple Comparison Test or the Kruskal-Wallis rank 
sum test. Where indicated by Bartlett’s test the homogeneity of variance was improved 
and appropriate transformations of the data were carried out. Statistical significance was
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accepted at P < 0.05. Values (n=8 for all groups) are depicted as mean ± standard error of 
the mean (S.E.M.).
Results
Using the acetonitril gradient depicted in figure 1, synthetic desacetyl MSH elu­
tes after 16 min at 22.5% acetonitril, monacetyl a-MSH after 19 min at 22.8% acetonitril, 
and diacetyl a-MSH after 21 min at 23.4% acetonitril. The coelution of sea bream pituita­
ry gland immunoreactive a-MSH (ir a-MSH) with synthetic a-MSH isoforms is consistent 
w ith the fact that the amino acid sequences of the MSH peptides are identical (Fig. 1). The 
immunoreactive a-MSH was analysed next by electrospray mass spectrometry (EMS). To 
determine the molecular mass of ir a-MSH in sea bream EMS spectra were checked for 
peptides w ith a molecular mass predicted on the basis of carp a-MSH, namely 1622.2 Da 
for desacetyl MSH, 1665.1 Da for monoacetyl a-MSH and 1706.8 Da for diacetyl a-MSH. A 
representative spectrogram is shown in figure 2a. The RP-HPLC fraction eluting after 16 
min contained a peptide w ith a mass of 1622.4 Da, similar to that of carp desacetyl MSH. 
In the fraction eluting after 19 min a peptide w ith a mass of 1664.1 Da was found, simi­
lar to the mass of monoacetyl a-MSH, whereas in the fraction eluting after 21 min a pep­
tide was identified w ith a mass of 1706.7 Da, which is in agreement with the mass of dia­
cetyl a-MSH. In each of the analysed fractions only one form of a-MSH was detected. 
Finally, to complete the characterisation of a-MSH in sea bream, peptide sequence analy­
sis was performed on the peptides w ith a mass corresponding to the predicted mass of a -  
MSH. In figure 2b the amino acid sequence of sea bream a-MSH obtained by EMS/MS is 
given and compared with a-MSH of other species elucidated by molecular biological tech­
niques. The a-MSH peptide sequence of sea bream measured by electrospray mass spec­
trom etry was identical to the nucleotide deduced amino acid sequences of carp, salmon­
I, trout-A and mammalian a-MSH.
Next the functional role of a-MSH acetylation was studied. In fish adapted for 
15 days to different backgrounds plasma a-MSH levels were significantly higher in white 
adapted fish than in grey or black adapted fish (Fig. 3a). In the pituitary gland of white 
adapted fish the total am ount of a-MSH was significantly lower than in grey or black 
adapted fish (Fig. 3b), indicating an increased release of a-MSH in white adapted sea 
bream. To investigate w hether in addition to the changes in absolute levels of plasma a -  
MSH also changes in isoforms of a-MSH in the pituitary gland occurred, percentages des­
, mono-, and diacetyl a-MSH were determined. In fish adapted to grey and black back­
grounds 70% and 74%, respectively, of total a-MSH in the pituitary gland was monoace-
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Figure 4. Changes in plasma levels a-MSH during confinement (a), and relative contents of des- (white bars), mono- 
(grey bars) and diacetyl (black bars) a-MSH contents in the pituitary gland of confined sea bream (b).*: P< 0.05 sig­
nificant difference compared to t=0 min; n=8 (a), n=5 (b); mean ± S.E.M.
tylated (Fig. 3c), whereas des- and diacetyl a-MSH represented 20% and 14%, respectively. 
In fish adapted to a white background, 53% of the total am ount a-MSH consisted of 
monoacetyl a-MSH. Des- and diacetyl a-MSH were not significantly higher in white com­
pared to grey or black adapted sea bream.
In fish confined for 26 h decreased plasma a-MSH levels were measured (Fig. 4a). 
Except for changes in absolute plasma a-MSH levels no differences could be detected in 
relative amounts of a-MSH isoforms in the pituitary gland of fish subjected to confine­
ment (Fig. 4b). The plasma a-MSH level in air-exposed sea bream is shown in figure 5a. 
Twenty min after air exposure plasma a-MSH levels were over 3 times higher than in con­
trol fish. No changes in the relative amounts of a-MSH isoforms were detected in the pit­
uitary gland (Fig. 5b). Both, the confinement and the air exposure experiment were per­
formed in grey tanks. The relative am ount des-, mono and diacetyl a-MSH in these expe­
riments were comparable to the percentages measured in the background adaptation and 
air exposure experiment.
Discussion
Characterisation o f  a-MSH in sea bream
In this study, sea bream a-MSH was characterised by RP-HPLC and EMS/MS. The 
amino acid sequence of sea bream a-MSH is identical to a-MSH of other freshwater fish 
and mammals. The sequence of sea bream a-MSH contains a N-terminal serine which can 
be N- and O-acetylated (Driessen et al, 1982) by posttranslational modification. C-terminal 
glycine may serve as amide donor for the potential amidation site Pro-X-Gly which is pre­
sent in a-MSH of sea bream. Indeed, EMS/MS measurements showed that in immunore- 
active a-MSH fractions of RP-HPLC purified pituitary homogenates contained all predic­
ted forms of N-terminally acetylated and C-terminally amidated a-MSH e.g. des-, mono- 
and diacetyl a-MSH. These data are in line w ith results obtained for salmon (Kawauchi et 
al., 1984), goldfish, carp (Follenius et al., 1985), trout (Vallarino et al., 1989), tilapia 
(Lamers et al., 1991), gar and bowfin (Dores et al., 1994). It is concluded that both N-ter- 
minal N- and O-acetylation and C-terminal amidation occur in vivo in sea bream pituita­
ry gland. Although in previous studies immunoreactive a-MSH has been found in the
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pars intermedia of sea bream pituitary gland (Quesada et al., 1988; Mancera and 
Fernandez-Llebrez, 1995), the primary structure was still unknown. Immunoreactive des­
and monoacetyl a-MSH have been demonstrated before in sea bream ovary, but diacetyl 
a-MSH could not be detected (Mosconi et al., 1994).
A role for a-MSH in background adaptation in sea bream ?
This is the first study to show that plasma a-MSH levels of a fish species adapted 
to a white background are elevated compared to that in dark background adapted ani­
mals. To further substantiate this observation the total am ount of a-MSH was measured 
in the pituitary gland. The hypophysis of white adapted sea bream contained significant­
ly less a-MSH compared to grey and black adapted animals, indicating an increased rele­
ase of a-MSH. Furthermore, we calculated mean plasma a-MSH levels of 15 independent 
experiments performed in white, grey or black tanks, and significantly higher plasma a -  
MSH were measured in experiments performed in white tanks. Interestingly, in another 
seawater species, the red porgy (Pagrus pagrus), similar observations on plasma a-MSH 
levels were made in fish adapted for one m onth to a white or black background (Rotlland, 
personal observation). In Xenopus laevis it was demonstrated that a-MSH antiserum 
injection caused pallor of the skin (Gilham and Baker, 1984) and plasma a-MSH levels 
were high in black adapted and low in white adapted toads (van Zoest et al., 1989). The 
role of a-MSH in fish background adaptation has been studied for several species, but 
sometimes unexpected results were presented which suggested a multiple endocrine con­
trol, i.e. a-MSH may not necessarily be the dominant melanophore stimulating hormone. 
For instance, injection of antiserum against a-MSH caused melanin concentration in 
black adapted hypophysectomised eel (Gilham and Baker, 1984), but not in intact animals. 
In tilapia, infusion of a-MSH stimulated pigmentation in the dermis (van Eys & Peters, 
1981). Furthermore, increased plasma a-MSH levels have been detected in black adapted 
eel, trout and salmon (Baker et al., 1984, 1986). In flounder, however, no changes in plas­
ma a-MSH levels were detected during background adaptation (Baker et al., 1984), whe­
reas melanophore dispersion was higher in the skin of black compared to white adapted 
flounder (Burton and Snow, 1993).
Other hormones that may be involved in melanophore control are melanin con­
centrating hormone (MCH) and somatolactin. MCH is a neurohypophysial peptide that 
opposes the actions of a-MSH on skin colouration in teleost fish (Baker et al., 1986). Also 
in sea bream, ir-MCH positive neurons have been demonstrated in the pars intermedia 
(Mancera and Fernandez, 1995) and thus the classical endocrine tools for background 
adaptation appear to be present. In trout, 95% of total MCH has been found in the pit­
uitary gland and the amount of MCH increased when fish were adapted to a black back­
ground (Barber et al., 1987). In that study it was demonstrated that the in vitro release of 
a-MSH from the neurointermediate lobe is enhanced by immunoabsorption of endoge­
nous MCH, indicating that MCH has a paracrine inhibitory effect on a-MSH release. In 
tilapia, an inhibitory effect of MCH on a-MSH secretion was found but only at low con­
centrations of MCH (Groneveld et al., 1995). On the other hand, injection of homologous 
MCH in Xenopus laevis had no effect on melanin concentration in the skin (Gilham and 
Baker, 1984). Somatolactin is a pituitary derived hormone that might also be involved in 
fish background adaptation. Increased plasma somatolactin levels have been found in red 
drum  (Scaeniops ocellatus) and Atlantic croaker (Micropogonias undulatus) following 
transfer from a light- to a dark-coloured background (Zhu and Thomas, 1996). However,
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Figure 5. Changes in plasma levels a-MSH in (a; note the y-axis scale compared to Fig. 4a), air exposed sea bream 
and relative contents des- (white bars), mono- (grey bars) and diacetyl (black bars) a-MSH % in the pituitary gland 
of air exposed sea bream (b). **: P<0.01significant difference compared to t=0 min; n=8 (a), n=5 (b); mean ± S.E.M.
unexpectedly, somatolactin was shown to stimulate melanosome aggregation in vitro 
(Zhu and Thomas, 1997).
a-MSH acetylation
We studied the question whether a white background had an effect on a-MSH 
acetylation in the pituitary gland of sea bream after prolonged adaptation, because the 
results of analysis of the acetylation mechanisms in teleost fish and mammals suggest 
that a-MSH undergoes acetylation prior to secretion (Dores et al, 1993). This is in contrast 
with amphibian species, where acetylation is delayed until exocytosis (van Strien et al.,
1995). In sea bream, monoacetyl a-MSH appeared to be the most abundant form in white, 
as well as grey or black adapted animals, whereas des- and diacetyl a-MSH levels were low 
in all groups. Significantly increased levels of monoacetylated a-MSH could be detected 
in grey and black adapted sea bream. Our data indicate that in sea bream, regulation of 
a-MSH acetylation is an important mechanism for background adaptation, more so than 
the total amounts of a-MSH released into the blood. This is in line w ith results obtained 
in salmon where monoacetyl a-MSH was found to be more active than desacetyl MSH in 
stimulating melanophore dispersion in a frog skin test (Kawauchi et al., 1984).
In order to investigate the role of a-MSH acetylation during long-term stress, sea 
bream were confined for 26 h. Long-term confinement significantly decreased plasma a -  
MSH levels in sea bream. Previously, similar results have been reported for rainbow trout 
(Balm and Pottinger, 1995). However, the ratio of the a-MSH isoforms were unaffected in 
long-term confined sea bream. Monoacetyl a-MSH was predominantly present in control 
as well as in confined sea bream, suggesting no prom inent role for acetylation of a-MSH 
during this stressful event.
In air-exposed fish, the increased plasma a-MSH levels may be a response to plas­
ma acidosis. Plasma acidosis was indicated by a rise in plasma lactate in this experiment 
(from 0.9 mM for controls to 2.7 mM 30 min after air exposure; Arends et al., 1999). 
Previously, elevation of plasma a-MSH levels has been correlated with plasma acidosis in 
tilapia exposed to a low water pH (Lamers et al., 1994). In tilapia exposed to acidified water 
diacetyl a-MSH is predominantly synthesised and released, whereas in control fish hig­
her levels of monoacetyl a-MSH were found (Lamers et al., 1992). Although plasma a -
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MSH levels rose in air-exposed sea bream, no differences in a-MSH acetylation ratios were 
found in the pituitary glands of these fish. This experiment was performed in grey tanks 
and therefore, controls could be compared w ith grey adapted fish of the background 
experiment. In the fish of both groups a-MSH ratios were similar, indicating no specific 
role for MSH acetylation during the plasma acidification that may be expected to occur 
during and after air exposure (van Raaij et al., 1996).
As in sea bream monacetyl a-MSH is the most abundant isoform, the question 
arises whether it possesses corticotropic activity. Superfusion of sea bream head kidney 
w ith concentrations ranging from 10 to 500 nM monoacetyl a-MSH did not evoke any 
cortisol release, whereas a pulse of 5 nM ACTH (the EC50 for Sparus aurata) given after the 
a-MSH pulse clearly stimulated cortisol release (data not shown). Further studies in sea 
bream are required to investigate the potentating effect of co-factors on the corticotropic 
activity of a-MSH. Balm et al. (1995) have demonstrated tha t a pituitary co-factor identi­
fied as P-endorphin was essential for obtaining a corticotropic response of a-MSH com­
parable to that of ACTH.
The results obtained in this study indicate that a-MSH can be N- and O-termi- 
nally acetylated and C-terminally amidated in sea bream. Background adaptation in sea 
bream is probably not directly related to plasma total a-MSH levels, although endocrine 
control by acetylated a-MSH forms can not be exluded. Control by other hormones and/or 
neural control is well possible. In sea bream, monoacetyl a-MSH is the most abundant iso­
form found in the pituitary gland after background adaptation, confinement and air 
exposure, indicating tha t the physiologically most potent isoform of a-MSH may vary 
from species to species.
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Abstract
Proopiomelanocortin (POMC) is the precursor for a number of biologically active 
peptides such as adrenocorticotrophic hormone (ACTH), a-melanocyte-stimulating hormo­
ne (a-MSH) and P-endorphin. It is well known that these peptides are involved in the 
stress response in fish as well as in mammals. We have cloned two different carp POMC 
cDNAs called, POMC-I and POMC-II. The nucleotide sequences of 955 bp for POMC-I 
and 959 bp for POMC-II share 93.5% identity in their cDNAs, and the deduced amino 
acid sequences (both 222 amino acids) are 91.4% identical. In the ACTH and P-MSH 
domain, two amino acid substitutions are found, whereas a-MSH and P-endorphin are 
identical. For P-MSH, the serine replacement (in POMC-I) by a glycine (in POMC-II) 
results in a putative amidation site Pro-X-Gly for POMC-II. We used RT-PCR to show that 
both POMC mRNAs are expressed in the hypophysis, hypothalamus and other parts of the 
brain of a single fish. Furthermore, in a phylogenetic tree the divergence of carp POMC-I 
and -II from tetraploid animals (salmon, trout and Xenopus) is demonstrated.
Key words. Proopiomelanocortin, cloning, common carp, mRNA expression, sequence ana­
lysis, phylogeny .
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In t roduct ion
During stress, the neuroendocrine hypothalamic-pituitary-interrenal system 
(HPI-system) is stimulated and a number of hormones is released. One of the precursors of 
stress hormones, proopiomelanocortin (POMC), is produced in the corticotrope cells of 
the pars distalis and the melanotrope cells of the pars intermedia. POMC expression has 
further been reported for neuronal (different parts of the brain; Wilkes et al., 1980; Bird 
et al., 1989) and non-neuronal tissues including the thymus (Ottaviani et al., 1995b, 1997) 
and immune cells (Ottaviani et al., 1995a). In the pituitary gland of vertebrates, POMC is 
the precursor of peptide hormones including adrenocorticotrophic hormone (ACTH), a -  
melanocyte stimulating hormone (a-MSH) and P-endorphin. In fish and mammals these 
peptides are involved in the stress response and can stimulate the corticosteroid release 
from corticosteroid-producing cells of the head kidney and adrenal cortex, respectively. 
ACTH-like activity has been demonstrated in the pituitary gland of different fish species 
(Fryer et al., 1984), including carp (Hon and Ng, 1986). In the Mozambique tilapia, a-MSH 
has corticotropic activity (Lamers et al., 1992), and P-endorphin may potentiate this acti­
vity (Balm et al., 1995).
The nucleotide sequences of POMC mRNAs have been determined in mammals 
(Nakanishi et al., 1979; Eipper and Mains, 1980), amphibians (Martens et al., 1985; Hilario 
et al., 1990) and a variety of fishes. In a phylogenetic series of fishes, POMC mRNAs have 
been isolated from pituitary glands of the agnathan fish Petromyzon marinus (lamprey; 
Heinig et al., 1995), the chondrostean Acipenser transmontanus (sturgeon; Amemiya et 
al., 1997), and the teleosts Oncorhynchus keta (salmon; Kitahara et al., 1988) and 
Oncorhynchus mykiss (trout; Salbert et al., 1992). The occurrence of POMC in these spe­
cies suggests that the POMC gene evolved from a common ancestral gene.
The expression of two structurally different POMCs (A and B) in tetraploid fish is 
known for many years (Kawauchi, 1983; Salbert et al., 1992). Furthermore, there is some 
evidence for functional differences between the two gene products in trout, where the 
expression of POMC-A, but not POMC-B, has been detected in sexually inactive fish (Salbert 
et al., 1992). In the common carp, genome duplication probably occurred 16 Myr ago 
(Larhammar and Risinger, 1994), resulting in a tetraploid animal (Uyeno and Smith, 
1972). The duplicate loci remained expressed for millions of years and may have accumu­
lated mutations leading to amino acid replacements. The questions arise to which degree 
the two POMC molecules in the common carp (ccPOMC) have diverged in evolution and 
whether the genes produce structurally different signal molecules. As studies of duplica­
te gene loci in tetraploid animals may reveal im portant aspects of gene regulation and 
duplication, both genes should be characterised.
We present here the sequences of two different carp POMC cDNAs and the dedu­
ced amino acid sequences of the POMC-derived peptides. The expression of the two POMC 
mRNAs has been investigated in the hypophysis, hypothalamus and other parts of the 
brain. Furthermore, a phylogenetic tree based on POMC sequences, including the sequen­
ces of the tetraploid animals salmon, trout and Xenopus has been constructed.
Ma te r ia ls  and methods
Adult male and female carp, Cyprinus carpio, were obtained from laboratory 
stock. The fish were held in 100 l tanks w ith circulating, filtered and well-aerated tapwa­
ter, at 24°C and a photoperiod of 16 h light alternating w ith 8 h darkness. The fish were 
fed commercial fish food (Trouvit,Trouw, Putten, The Netherlands), 1.5% of the body
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POMC-I ,.ttcggcacgaggcaaacacacacataaccagacagatcagagatcctcagagagaaaaactteggt 
POMC-II aa--------- .----------------g----------------------------g-- c-t--a
66
67
Met Val Arg Gly Glu Arg Met Leu Cys Pro 10
POMC-I cggctcac....ttctgcacaacagac atg gtg agg gga gag agg atg ttg tgt cct 119
POMC-II -a-- g— tttt------------- t -------------- -t - -------------------- 124
- - - - Val - - - - -  io
Ala Trp Leu Leu Ala Leu Ala Val Leu Cys Ala Ala Gly Ser Glu Val Arg 27
POMC-I get tgg ctc ttg get ctg get gtt ctg tgt geg get gga tct gaa gte aga 170
POMC-II-- ----------------------— -- ------------------------------------ 175
- - - - - - - - - - - Gly - - - - -  27
Ala Gin Cys Met Glu Asp Ala Arg Cys Arg Asp Leu Thr Thr Asp Glu Asn 44
POMC-I get cag tgt atg gag gac gee ege tgc aga gac ctc acc act gat gag aac 221
POMC-II-- --------t - - ------------------- ----------- -------------------- 226
- - - Trp - - - - - - - - - - - - -  44
lie Leu Asp Cys lie Gin Leu Cys Arg Ser Asp Leu Thr Asp Glu Thr Pro 61
POMC-I ate ttg gac tgc ata cag eta tgc agg tct gat ctg aca gat gaa acc ccc 272
POMC-II-- ----a - - --- ------------------------------------------------— a 277
- - Asn - 61
Val Tyr Pro Gly Glu Ser His Leu Gin Pro Pro Ser Glu Leu Glu Gin Thr 78
POMC-I gte tac cct gga gaa age cat ttg cag cct ccc tct gag ctg gag caa acc 323
POMC-II-- ----— e ----------------------- --------— g — a ------------g—  328
- - - - - - - - - - - - - - - - Ala 78
Glu Val Leu Val Pro Leu Ser Pro Ala Ala Leu Ala Pro Ala Glu Gin Met 
POMC-I gag gte etc gta ccc ctg tec cca geg gee ctc get cct get gag caa atg
POMC-II-- --------- a - --------------t — t --- ----------------------------
- - - Glu - - - - - - - - - - - - -
Asp Pro Glu Ser Ser Pro Gin His Glu His Lys Arg Ser Tyr Ser Met Glu
gac ccc gag tee age cct cag cac gag eac aag ege tec tac tee atg gag--- --t — --- --- --- -ga --- gag ctc --- --- — t —  t --- --- ---
“ - - “ - - Arg - - Leu “ - “ - - - -
His Phe Arg Trp Gly Lys Pro Val Gly Arg Lys Arg Arg Pro lie Lys Val
cat ttc ege 
—  t
tgg gga aag cca gtg ggt ege aag ege agg 
c—
cct ate aag gtg
Tyr Thr Asn Gly Val Glu Glu Glu Ser Thr Glu Thr Leu Pro Ala Glu Met
tac acc aac ggc gtg gag gag gaa tec acc gag act 
t—
ctc cca get 
-—c
gag atg
Ala - Ser -
POMC-I
POMC-II
POMC-I
POMC-II
Arg Arg
agg ege
Glu Leu Ala Thr Asn Glu lie Asp Tyr Pro Gin Glu Glu Gly Ala 
gag ctg get aca aac gag ate gac tat cct caa gag gag ggc get
------- — c __c ---- ---- g__ a _£ c_ _ ---- ---- ---- a_ _ ---------
- - - - - - Val Asn His - - - Asp Ser -
POMC-I
POMC-II
POMC-I
POMC-II
Leu Asn Gin Gin Asp Lys Lys Asp Gly
tta aac cag cag gat aag aag gat ggc
- H e - - Lys - - - -
Trp Ser Ser Pro Pro Ala Ser Lys Arg
tgg age age ccg cct get age aag ege
— t g
- - - - - - Gly - -
Asp Glu Arg Ser Gin Lys Pro Leu Leu
gac gag ege agt cag aaa ccc ctt ctc
Lys Glu His Gin Lys Lys Asp Gin h * *
aaa gag cac cag aag aag gac cag tga
— t --a
- -
--------------------------------------- _ a g --------------------- -----------
- - - - Lys - - -
Tyr Gly Gly Phe Met Lys Ser Trp 
tat gga ggc ttc atg aag tec tgg
ttc aaa aac gte ata aac
POMC-I tgtttttaatatactttcttcccagcaatcttatcatgcattgtaaacaaaaagagggtgggtggtgt 
POMC-II----------------------------a-c----------a— c------------1----------
95
374
379
95
112
425
430
112
129
476
481
129
146 
527 
532 
14 6
163
578
583
163
180
629
634
180
197
680
685
197
214
731
736
214
222
790
795
222
858
863
POMC-I taccagtagcacttaattcttgatgcttagagtttattcacattgtattcaacaataaattctgaatt 92 6
POMC-II -g-------------------- c--- . — ----------------------------- 1--- 929
POMC-I ctgtacatagaaaaaaaaaaaaaaaaaaa. 955
POMC-II-----------------------------a 959
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weight per day. Restriction enzymes were from  Boehringer M annheim , reagents for RT- 
PCR from  Gibco-BRL, oligonucleotides from  Biolegio (Malden, The Netherlands) and 
Eurogentec.
Construction and screening o f  carp p itu ita ry  cDNA Library
P itu itary  glands were collected from  approxim ately 50 carp o f bo th  sexes and of 
about 200 g body weight. Total RNA (1 mg) was isolated by the guanidium -isothiocyanate- 
phenol-chloroform  procedure (Chomczynski and Sacchi, 1987) and poly (A) + RNA (5 |ig) 
was purified w ith  an oligo (dT) cellulose colum n (Stratagene) according to the m anufac­
tu re r’s instructions. cDNA was synthesised using an oligonucleotide containing an oligo 
dT sequence and a Xhol restriction  site. EcoRI adapters were ligated and the cDNA was 
directionally cloned into the  EcoRI-Xhol sites o f th e  Uni-ZAP XR vector. The resulting libra­
ry contained approxim ately 2 x 105 clones. The library was am plified according to stan­
dard procedures (Stratagene). The library was screened for POMC sequences w ith  a tro u t 
POMC cDNA probe kindly provided by dr. Isabelle Chauveau (Salbert e t al., 1992). The 
probe was 32P-labeled by random  prim ing according to standard  procedures (Sambrook 
e t al., 1989). After pre-hybridisation for 2 h in  hybridisation buffer containing 6 x SSC (1 x 
SSC = 0.15 M NaCl and 0.015 M sodium  citrate), 20 mM N a ^ P O ^  0.1% (w/v) sodium  dode- 
cyl sulfate (SDS), 5 x D enhard t’s (1 X D enhardts solution is 0.1% polyvinylpyrrolidone,
0.1% bovine serum  album in and 0.1% Ficoll 400) and 100 |ig/m l denatured herring  sperm  
DNA, filters were incubated w ith  the probe at 50°C. After 18 h filters were washed twice 
for 30 m in w ith  6 x SSC, 0.1% SDS, twice for 30 m in in  2 x SSC and 0.1% SDS, and twice 
for 30 m in in 1 x SSC and 0.1% SDS at 50°C. Hybridisation-positive clones were purified, 
and Bluescript DNA was prepared by in  vivo excision according to the Stratagene proto­
col.
DNA sequence analysis
DNA sequencing was perform ed by the dideoxynucleotide procedure (Sanger e t 
al., 1977). Synthetic oligonucleotides com plem entary to sequenced parts o f the cDNA 
(purchased from  Eurogentec) were used for fu rther sequencing. Nucleotide sequences and 
deduced protein sequences were com pared w ith  those present in  the EMBL (Stoesser e t al.,
1998), Genbank (Benson e t al., 1998), SWISS-PROT and TrEMBL (Bairoch and Apweiler,
1998), and PIR (Barker e t al., 1998) databases, using the com puter facilities of the 
CAOS/CAMM centre at the University o f Nijmegen.
The am ino acid sequences of the carp POMCs presented in  th is study were alig­
ned w ith  the  following POMC sequences obtained from  the SWISS-PROT, TrEMBL, or PIR 
database. Accession num bers are for hum an: P01189, for m acaque: P01201, for bovine:
Figure 1. Nucleotide and deduced amino acid sequences of two carp POMC cDNAs.
Nucleotides and amino acids are numbered at the end of each lane. The deduced POMC-I amino acid sequence is 
shown above the cDNA sequence, and the POMC-II amino acid sequence is shown beneath the cDNA sequence. 
Hyphens indicate identical nucleotides between POMC-I and POMC-II. Gaps (dots) have been introduced to achieve 
maximum homology. Primers used for PCR are bold and underlined. Target sequence for restriction enzymes Pvu-II 
(CAG CTG) and Sac-I (GAG CTC) are in italics and underlined. Potential proteolytic cleavage sites are boxed. The 
polyadenylation signal AATAAA is shown in italics and the stop codon is indicated by asterisks (***). Accession num­
bers from EMBL data base are for POMC-I: Y14618 and for POMC-II: Y14617.
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Signal Peptide N-Terminal peptide
C a r p - I
C a r p - I I
T r o u t - A
T r o u t - B
S a l m o n - I
S a l m o n - I I
X e n o p u s - A
X e n o p u s - B
R a t
H u m a n
...........................MV  R G E R M L C
...........................MV  R d v R M L C P A W
...............................................M L C P A W
M F G T F L  QNQ S V R L N M V C A P  WI
W L 
W L
W L 
A P W  L
L A L A V L C A  
L A L A V L C A
L A V  A V V  . ( 
L A V V V V C V C
. MV C A P W  
^ P L W G C F L A I  
I P T G G C S L A I  
I F C N  S R S G A L  
^ S C C S R S G A L
. L A V V V V C V C  
j G I C  . .  I F H I  
j G V F . . I F H I  
. . L A L L  L Q  T 
. . L A L L  L Q A
N P G V G G Q C W D  
G .  E V Q S Q C W E  
G .  E V Q S Q C W E  
S I D V W S W C L E  
S M E V R G W C L E
D A R C R d i T T D
D A R C R d i T T D
W P R C H d i S S E
S S N C K DT P S F
N P R Q
C
Q d i NS E
S S N K d i P S E
S S R A d i S S E
S S R A d i S S E
S S Q Q d i T T E
S S Q Q d i T T E
E N I  L D C  I Q  
E N i d N c i Q
N NL  L f C I Q  
D K I L E C I H  
N S I L E C I Q  
D K I L E C T H  
D G V L E C  I K A C  
D G I L E C  I K A  
S NL  L A C  I R A  
S N L L E C  I R A
L E Q T F V
s e l e Q A e v
S P  S D  S D S  P 
E S L S L G I L L A  
S P S D F P P P S L  
E S L S  L G I  L L A  
S I R K Y V M T  
S I R K Y V M T  
N P R K Y V M G  
N P R K Y V N G
P L S P A A L A P  
P L S P A A L A P  
P L S L L S P  
A L T S G E R A .  
P L S  P L S  P L  . 
A L T S G E R A .  
H F R W N K F G R R  
H F R W N K F G R R  
H F R W D R F G P R  
H F R W D R F G R R
2C 3C 6C 9C
a-MSH CLIP
N-Terminal peptide ACTH
C a r p - I  ..................................................................................................................................A E Q M . . . D P  E S S  PI
C a r p - I I  ..................................................................................................................................A E Q M . . . D P  E S S P R H
T r o u t - A  ................................................................................................................................. S S  P L Y  P T  EQ
T r o u t - B  ........................................................................................................................................................ L  DA
S a l m o n - I  ................................................................................................................................................ S P L E E
S a l m o n - I I  ........................................................................................................................................................ L  DA
X e n o p u s - A  N S T G N D G S N T  G Y K R E D I S S Y  P V F S L F P L S D  Q N A P G D N M E E
X e n o p u s - B  N N T G N D G S S G  G Y K R E D I S N Y  P  V L N L F P  S S  D N Q N A Q G D N M E E
R a t  N S S  S A G G S  . A  Q R R A E E E T A G  G D G R P .....................................................E P
H u m a n  N S S S S G S S G A  G Q K R E D V S A G  E D C G P L P E G G  P E P  R S  D GA KP
R S Y S M E H F R W G  
| KR  S Y S M E H F R W G  
Q N S V S P Q A k R S Y S M E H F R W G  
D P E P H S D K R H  S Y S M E H F R W G  
Q N I V S P Q A K R  S Y S M E H F R W G
f P H S D K R H  S Y S M E H F R W G  D R Q E N K R  A Y S M E H F R W G  D R Q E N K R  A Y S M E H F R W G  S P . . . R E G K R  S Y S M E H F R W G  
G P  . . .  R E G K R  S Y S M E H F R W G
K P V G R K R R P I  
K P V G R K R R P I  
K P V G R K R R P V  
K P I G H K R  R P I  
K P V G X X X X P V  
K P I G H K R  R P I  
K P V G R K R R P I  
K P V G R K R R P I  
K P V G K K R R P V  
K P V G K K R R P V
K V Y T N G V E . . 
K V Y T N G V E . . 
K V Y T N G V E . . 
K V Y A S S L  E G G  
K V Y T N G V E . .  
K V Y A S S L  E G G  
K V Y P N G V E . . 
K V Y P N G V E . . 
K V Y P N V A E . . 
K V Y P N G A E . .
E E S T E T L  p a e  
E E s | A E S l P A E
DS  S E G T F P L Q  
S S  E G F P S  E 
T F P L Q  
E E S A E S Y P M E  
E E S A E S F P M E  
N E S A E A F P L E  
D E S A E A F P L E
EQ  
DS  S E  G
M R R E L A T . . . 
M R R E L A T .  . . 
M R R E L G T . . .  
A R R Q L S S . W E  
M X X .......................
A R R Q L
L R R E L
L R R E L
F K R E L
F K R E L
G S .  W E  
S L E L D
S L E L D
T G Q R L
1 1 C 1 2 C 1 3 C 1 4 C 1 5 C 1 6 C 1 7 C 1 8 C 1 9 C
ß-MSH
ß-LPH
ß-endorphin
C a r p - I
C a r p - I I
T r o u t - A
T r o u t - B
S a l m o n - I
S a l m o n - I I
X e n o p u s - A
X e n o p u s - B
R a t
H u m a n
. NEf T DY
. N E V
. d D a v Y p s l e  a g t a e g g e a e
D E M V G A L G N  Q G A K A Q T  K V V  P
q f f g a i  
q E d s | a L i |Q(  
g m f
R T L T  V T G L Q  D
D E M V G A L G N  Q G A K A Q T  K V V  P  R T L T V T G L Q D
Y P K I D L D E .......................................D I  E D N E V K S A L T
Y P E I D L D E .......................................D I  E D N E V E R A L T
. E G E Q P D G ...........................................L  E Q V L E P D T E K
R E G  D G P  D G P  A  D D G A G A Q A D L  E H S L L V A A E K
K K D G S Y K M S H
k k d g s y k M K h
k k d g s y k m Wh
K K D G S Y R M  GH 
. . D G S Y K N N H  
K K D G S Y R M  GH 
KK N  G N Y R M H H  
KK N  G N Y R M H H  
A D .  G P Y R V E H  
K D E G P Y R M E H
F R W S S P P A S K
f r w s s p p a g Ik
F R W S G P P A S K  
F R W G S P T A I  K 
F R W S G P  P A S  X
F R W G S P T A I  K 
F R W G S P P K D K
f r w g s p p k d :
f r w g n p p k d :
f r w g s p p k d :
R Y G G F M K S W D  
R Y G G F M K S W D  
R Y G G F M K S W D  
R Y G G F M K P Y T  
X Y G G F M K S W N  
R Y G G F M K P Y T  
R Y G G F M T P . . 
R Y G G F M T P . . 
R Y G G F M T S . .  
R Y G G F M T S . .
F K N V I N K E  . H  
F K N V I N K E  . H  
F  KNV I I K D G Q  
L  KHV T L K N E Q  
K N V I I K D G Q Q  
L K H I  T L K N E Q
F K N A
F K N A
F K N A
F K N A
Q K K D Q ................
Q K K D Q ................
Q K R E  Q W G R E  E G E E K R A L G E R
I K N S H
I K N T H
I K N V H
I K N A Y I
G Q .
G L  . 
G Q .  
G E  .
2 1 C 2 2 C 2 3 C 2 4 C
1C
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P01190, for rat: P01194, for elephant: P21252, for Xenopus-A: P06298, for Xenopus-B: 
P06299, for sturgeon: JC5283 (PIR), for gar: Q91082 (TrEMBL), trout-A: Q04617, trout-B: 
Q04618, for salmon-II: P10000 and for lamprey: Q91256 (TrEMBL). The am ino acid sequen­
ce of salmon-I was taken from; Kawauchi (1983) and Kitahara e t al. (1988). M ultiple sequen­
ce alignm ent was perform ed using the  CLUSTAL W  program m e (Higgins e t al., 1996), as 
well as the PileUp program m e from  the  GCG package (Devereux e t al., 1984). 
Construction o f  the phylogenetic tree
Phylogenetic trees were constructed using a num ber of different m ethods: neigh­
bor-joining (Saitou and Nei, 1987) and protein parsim ony (Felsenstein, 1988) trees were cal­
culated using the program m es PROTDIST, NEIGHBOR, and PROTPARS from  the PHYLIP 
package (Felsenstein, 1993). One hundred  bootstrap samples were created using SEQBOOT 
and PROTDIST, reconstructed w ith  NEIGHBOR, and subsequently analysed w ith  the CON- 
SENSE program m e to construct the majority-rule consensus tree. M axim um  likelihood 
trees were constructed using the  program m e PROTML from  the MOLPHY package (Adachi 
and Hasegawa, 1996), and PUZZLE (Strimmer and von Haeseler, 1996).
N orthern b lo t analysis
Total RNA (10 |ig) isolated from  carp p itu itary  glands was separated by electro­
phoresis on denaturing  2.2 M form aldehyde agarose gels (1.0%) in  MOPS buffer (10 x MOPS 
buffer is 0.2 M MOPS 3-N-morpholinopropane-sulfonic acid, 0.05 m sodium  acetate, 0.01 
M EDTA, pH 6.5 w ith  NaOH) and blotted to a nitrocellulose filter in  10 x SSC. RNA was 
fixed by baking for 2 h at 80°C. The m em brane was prehybridised in  6 x SSC, 20 mM 
NaH 2 PO4 , 0.1% (w/v) SDS, 5 x D enhardt’s and 100 |Jg/ml denatured  herring  sperm  DNA, 
for 2 h at 65°C and th en  hybridised to 32P-labeled ccPOMC-I and -II cDNA. After 18 h the 
filter was w ashed twice for 30 m in w ith  6 x SSC, 0.1% SDS, twice for 30 m in in  2 x SSC, 
0.1% SDS and twice for 30 m in  in  1 x SSC, 0.1% SDS at 65°C and exposed to X-ray film.
Reverse Transcriptase - Polymerase Chain Reaction (RT-PCR)
Expression o f POMC in brain  tissues was detected by RT-PCR. Total RNA was iso­
lated from  carp p itu itary  gland, hypothalam us and the rest of the brain. Five |ig to tal RNA 
in 100% ethanol was precipitated, washed in 70% ethano l and air-dried. The pellet was 
dissolved in  15 |il dd H 2 O and 0.7 |il Pd(N)6 (10 |jg / |il), incubated for 10 m in at 65°C, spin- 
ned 5 s and pu t on ice. Subsequently 3 |il 0.1 M DTT, 1.5 |il 10|iM dNTPs, 7.5 |il 5 x RT-buf- 
fer and 0.5 |il RNAsin was added and after incubation  for 15 m in  at 65°C, 0.5 |il RT- 
Superscript (100 U) was added and the m ixture was incubated for 60 m in at 42°C.
Figure 2. Alignment of POMC amino acid sequences from different species.
Gaps (dash) have been introduced to achieve maximum homology. Amino acids identical in a t least 6 sequences are 
coloured grey. Differences between the two carp POMC sequences are boxed. Cyprinus carpio POMC-derived pepti­
des, ACTH (151 - 191), a-M SH (151 - 164), CLIP (169 - 191), 0-LPH (194 - 285), 0-MSH (233 - 249) and 0 -  
endorphin (252 - 281). Pairs of basic amino acids where cleavage may occur flank all peptides. Carp signal peptide 
corresponds to  amino acids 9 - 36, N-terminal peptide from 37 - 148 (Kawauchi, 1983). All sequences are from 
SWISS-PROT data base: accession numbers are for trout-A: Q04617, for trout-B: Q04618, for salmon-II: P10000, for 
xenopus-A: P06298, for xenopus-B: P06299, for rat: P01194 and for human: P01189. The amino acid sequence of 
salmon-I has been taken from; Kawauchi (1983) and Kitahara et al. (1988). Note: y-MSH is absent in carp.
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Figure 3. Northern blot analysis of carp POMC mRNA. 
Total pituitary RNA (10 |ig) was electrophoresed on a 
1% denaturated formaldehyde agarose gel, blotted, and 
the blot was hybridised with 32P-labeled ccPOMC 
cDNA. The blot was exposed for 24 h at -70°C to a X- 
ray film. Only one band with an estimated size of ~ 1 kb 
was detected. 28 S—
18 S—
% ----- 1 kb
For PCR the prim ers used were:
5’ CA GAA TTC CTA TGC AGG TCT GAT CTG 3’ (ccPOMC-I 240-257, ccPOMC-II 245-262), 
CCCAP Forward, and
5’ TC CTC GAG TGC TCT TTG TTT ATG ACG TTT 3’ (ccPOMC-I 739-720, ccPOMC-II 744-725), 
CCCAP Reverse.
Template DNA (2.5 |il RT-mix) and 50 pm ol of each prim er were used in a final 
volume of 40 |il containing 1 x PCR buffer (Gibco-BRL), 1.5 mM MgCl2 , 375 |iM dNTPs and 
1 u n it Taq DNA polymerase. After an in itial denaturing  step at 9°C for 5 min, the subse­
quent cycles consisted of denaturing  at 94°C for 1 min, annealing at 51 °C for 1 min, and 
elongation at 72°C for 1 m in  for 35 cycles. A final elongation step was carried out at 72°C 
for 10 min.
Following PCR am plification, 5 |il o f PCR m ixture was digested in  a final volume 
of 15 |il containing 1 x Sure cut buffer A + M (1 : 1) and 10 un its restriction enzyme Sac-I, 
Pvu-II or bo th  at 37°C for 3 hours. The digested PCR products were analysed by 2.0% aga­
rose gel electrophoresis.
Results
A cDNA library was constructed w ith  5 |ig o f mRNA extracted from  Cyprinus car­
p io  p itu itary  glands. A to ta l of 1 x 103 clones were screened w ith  32P-labeled fragm ents 
of tro u t POMC-A and POMC-B cDNAs as probes (Salbert e t al., 1992). Of the 25% hybridisa­
tion-positive clones ten  were selected for fu rth e r characterisation. Sequence analysis by 
the Sanger m ethod revealed th a t all ten  positive clones represented POMC. Two indepen­
dent sequences were found, and nam ed POMC-I and POMC-II. Analysis o f the nucleotide 
sequences revealed two clones of 955 and 959 nucleotides, respectively (Fig.1). Each of 
Cyprinus carpio POMC-I (ccPOMC-I) and ccPOMC-II contained an open reading frame enco­
ding a 222 am ino acid protein. The deduced am ino acid sequences did no t contain a 
region hom ologous to y-MSH, whereas a-MSH, 0-MSH, ACTH and 0 -en do rph in  were pre­
sent. These peptides were flanked by pairs of basic am ino acids indicating  potential sites 
of post-translational processing. In bo th  sequences a polyadenylation signal (AATAAA) 
was found in  the region from  11 to 30 nucleotides upstream  of the site o f poly(A) addition.
The nucleotide sequences o f the POMC-I and -II cDNAs were 93.5% identical, whe-
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Figure 4. Digestion patterns of RT-PCR products of ccPOMC-I and ccPOMC-II. RT-PCR products generated with carp 
POMC primers were digested for 3 hours at 37°C. Lane 1 undigested products derived from pituitary mRNA; lane 2, 
products derived from pituitary mRNA digested with Sac-I; lane 3, products derived from pituitary mRNA digested 
with Pvu-II; lane 4, products derived from pituitary mRNA digested with Sac-I and Pvu-II; lane 5, products derived 
from hypothalamus mRNA digested with Sac-I and Pvu-II and lane 6, products derived from mRNA from the rest of 
the brain digested with Sac-I and Pvu-II. cDNAs were fractionated on a 2% agarose gel, and an inverted scan of the 
gel is shown. Molecular weights (bp) of the intact and the digested products are given on the right.
reas the identity  between the deduced am ino acid sequences was 91.4% (table 1). Figure 2 
shows an alignm ent o f POMC am ino acid sequences from  several species. Interestly, y- 
MSH was not found in  the  carp POMC sequences and o ther teleost fishes, whereas it is pre­
sent in am phibians and m am m als. The biologically active peptides a-MSH, ACTH and 0 -  
endorphin  are highly conserved w ith in  all species, b u t some sm all differences were found. 
In carp, the two ACTHs are characterised by two am ino acid substitutions: th e  th reonines 
on positions 32 and 34 in ACTH-I are replaced by an alanine and serine, respectively, in 
ACTH-II. Furtherm ore, two am ino acid substitutions were found in  0-MSH: the  serines on 
positions 7 and 17 in  0-MSH-I are replaced by an lysine and glycine, respectively, in  0 -  
MSH-II. The nucleotide sequences for 0-endorphin-I and -II differ slightly (4 nucleotides) 
bu t the deduced am ino acid sequences are identical. Carp 0 -en dorph in  contains two 
am ino acid insertions on positions 8 and 9 (tryptophan and aspartic acid, respectively) 
com pared to am phibian and m am m alian  0-endorphins.
The sizes o f th e  cDNAs encoding ccPOMC-I and -II in the p itu itary  gland are in 
close agreem ent w ith  the mRNA length  determ ined by N orthern  blot hybridisation (1 kb, 
Fig.3). Due to the high degree o f nucleotide sequence identity  (93.5%) between ccPOMC-I 
and ccPOMC-II, it was not possible to discrim inate between the  two forms by N orthern  
blot analysis. We therefore applied RT-PCR for the detection of the two ccPOMC mRNAs.
RT-PCR resulted in  a 515-basepair product for bo th  ccPOMC-I and -II (Fig. 4). The 
restriction enzyme Pvu-II digested ccPOMC-I, b u t not ccPOMC-II, into a 227- and a 288-bp 
product. The undigested band contained bo th  POMC-II (which had no Pvu-II restriction 
site) and undigested POMC-I, whereas Sac-I digested only ccPOMC-II, into two products of
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171- and 344-bp, respectively. After 3 hours, digestion was alm ost 100%, bu t not complete 
(515-bp band in lane 4). Both ccPOMCs were expressed to approxim ately the same level in 
the hypophysis o f th is strain  of carp. In the hypothalam us and the  rest o f the brain  the 
two ccPOMC mRNAs were present b u t less abundant.
A consensus tree of 100 bootstrap samples of the neighbor-joining program m e is 
shown in Fig. 5. The POMC am ino acid sequences of the tetraploid  carp (I and II) and 
Xenopus  (A and B) were distinguished as significantly divergent groups w ith in  the POMC 
family. The POMC sequences of tro u t (A and B) and salm on (I and II) on the o ther hand, 
were not distinguished as divergent groups. Trout-A shared a group w ith  salmon-I, and 
trout-B w ith  salmon-II, respectively. Most m ethods employed showed a topology in w hich 
the carp sequences branched off after the trout-B/salmon-II, b u t before the  trout-A/salmon- 
I cluster. Little support was found to resolve th e  trichotom y at po in t “A” in  Fig. 5 (bootstrap 
value of 56%), in  w hich carp-I/II are separated from  the trout-A/salmon-I, sturgeon/gar, and 
am phibians/m am m als assembly.
Discussion
We characterised two forms of POMC in the com m on carp. A single form  of 
POMC was found in  sea lam prey (Heinig e t al., 1995) and sturgeon (Amemiya e t al., 1997), 
while two forms occur in  the tetraploid salm on (Kitahara e t al., 1988) and tro u t (Salbert 
e t al., 1992). The two carp POMC cDNAs exhibited a lim ited degree of sequence identity  
w ith  o ther known POMC sequences of tetraploid  fishes such as chum  salm on and rainbow 
trout. The overall degree of am ino acid sequence identity  w ith  m am m alian  sequences was 
low, approxim ately 47%, b u t was m uch h igher (68%) w hen only the  regions coding for bio­
logically active peptides (ACTH, 0-MSH and 0-endorphin) were considered. In carp, the 
POMC sequences share over 91% am ino acid sequence identity. This degree of conserva­
tion  is in  agreem ent w ith  th a t o f o ther sequences identified in  carp (c-myc; Zang e t al., 
1995; actin, gonadotropin, prolactin  and grow th horm one; Larham m er and Risinger, 
1994). However, the  POMC-A and -B sequence o f rainbow  tro u t (Salbert e t al., 1992) and 
POMC-I and -II o f chum  salm on (Kawauchi, 1983) differ substantially  between the two co­
expressed forms. In rainbow  tro u t and chum  salm on the POMC cDNAs exhibit only 46% 
and 44% am ino acid sequence identity, respectively. In carp, only four o f the  replacem ents 
are present in  the conserved regions coding for biologically active peptides, nam ely two 
in the ACTH and two in  the  0-MSH dom ain. Post-translational m odifications such as am i­
dation, phosphorylation, glycosylation and acetylation play a role in biological functions 
of peptides (Han et al., 1992). For 0-MSH, the serine replacem ent (in POMC-I) by a glycine 
(in POMC-II) results in a putative am idation  site Pro-X-Gly for POMC-II, w hich may increa­
se the bioactivity of 0-MSH-II. This Pro-X-Gly site is also present in  a-M SH of bo th  POMCs. 
The peptides a-M SH and 0 -en d o rp h in  are identical in  bo th  sequences. In carp, y-MSH is 
absent, as was reported for o ther teleost fish (Kitahara e t al., 1988; Salbert e t al., 1992), 
whereas it is present in  the agnathan  Petromyzon m arinus  (Heinig e t al., 1995) and the 
chondrostean A cipenser transm ontanus (Amemiya e t al., 1997), am phibians (Martens e t 
al., 1985; Hilario e t al., 1990) and m am m als (Nakanishi e t al., 1979; Eipper and Mains, 
1980). The identical carp 0-endorphin-I and -II o f 29 am ino acids (proceding from  the 
assum ption th a t the last 4 am ino acids will be cleaved off) contain  two am ino acid inser­
tions com pared to am phibian and m am m alian  0 -en d o rp h in  (on positions 8 and 9). The 
same two, present in  carp 0-endorph in , are found in POMC-A o f rainbow  tro u t (Salbert e t 
al., 1992). In carp 0 -endorph in , five basic am ino acids (four lysines, one arginine) are pre-
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Figure 5, Phylogenetic tree of the POMC family. 
Numbers in branches indicate the bootstrap values cal­
culated with the neighbor-joining method. For details on 
accession numbers in the SWISS-PROT, TrEMBL or PIR 
data bases see "materials and methods".
sent at w hich post-translational processing by trypsin-like activity may take place to pro­
duce at least 5 endorphin  signals, sim ilar as in  chum  salm on (Kawauchi e t al., 1980), dog­
fish (Lorenz e t al., 1986), sea lam prey (Heinig e t al., 1995), sturgeon (Amemiya e t al., 1997) 
and dogfish (Lorenz e t al., 1986). In rainbow  tro u t the  existence of a C-terminally elonga­
ted P -endorph in  has been reported (Salbert e t al., 1992). The N-terminal 20 am ino acids 
of the P -lipotropic horm one (P-LPH) dom ain in  carp shows 7 am ino acid replacem ents 
between ccPOMC-I and ccPOMC-II, suggesting th a t th is region of ccPOMC, except for P - 
MSH, may be functionally less im portant.
An earlier im m unohistochem ical study (Olivereau and Olivereau, 1990) showed 
the presence of POMC-derived peptides in the  brain  and the p itu itary  gland o f goldfish, 
tro u t and eel. At the RNA level, co-expression of two substantially different POMC mRNAs 
has been reported (Salbert e t al., 1992). We here report the co-expression and discrim ina­
tion  between two alm ost identical POMC mRNAs. In carp, bo th  POMC mRNAs could be 
detected in  the p itu itary  gland, hypothalam us and o ther parts o f the  brain  by restriction 
analysis o f RT-PCR products. Due to the  high degree o f identity  it was not possible to dis­
crim inate between ccPOMC-I and ccPOMC-II mRNAs by N orthern  blot analysis. We assume 
th a t the 1 kb band found on N orthern  b lot represents bo th  POMC mRNAs.
The phylogenetic tree based on POMC am ino acid sequences is in agreem ent w ith  
th a t by Dores and colleagues (1995) based on N-acetyl transferase m echanism s. Little sup­
port was found to resolve the  trichotomy, in w hich carp POMC-I/II are separated from  the 
trout-A/salmon-I, sturgeon/gar, and am phibians/m am m als assembly. A dichotom y could 
also be made, thereby diverging carp-I and -II from  trout-A/salmon-I, gar/sturgeon and the 
am phibians and m am m als. However, th is topology in w hich the branches leading to carp- 
I/II and to trout-A/salmon-I were switched, tu rn ed  out to yield only the second-best tree in 
a m axim um -likelihood analysis. Likewise, the consensus tree showed high bootstrap valu­
es for all branches, apart from  the branches separating the  carp sequences and trout-A/sal-
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% N ucleotide  sequence iden tiy  /  % A m ino acid  sequence identity
S pecies 1 2 3 4 5 6 7 8 9 10
1; Carp-I 100 91.4 63.3 45.8 63.8 46.2 49.8 49.8 47 .7 47.2
2; Carp-II 93.5 100 61.9 45.8 63.8 46.2 50.7 50.7 48.7 47.7
3; T rou t-A 60 .2 59.4 100 45.8 81.9 45.3 49.1 47.7 45.5 43,8
4; T rou t-B 49.3 49.2 44.4 100 45.8 97.8 38.3 39.5 36.9 36.3
5; Salm on-I * * * * 100 44.4 53.0 53.7 51.3 50.3
6; Salm on-II 53 .6 52.8 46.6 97.3 * 100 38.1 39.3 37,2 36.5
7; X enopus-A 45 .5 46.2 43.3 37.0 * 39.8 100 91.9 55.6 55.5
8; X enopus-B * * * * * * * 100 55.6 55,5
9; Rat 45.8 44.9 48.0 41.9 * 50.1 53.1 * 100 82,1
10: Hum an 45.5 45.4 46.4 40.8 * 49.5 53.4 * 69.7 100
Table 1. Nucleotide and amino acid sequence identity between POMC sequences from various species. 
Percentages of nucleotide sequence identity and deduced amino acid sequence identity are given. 
Nucleotide sequence identity is shown in italics. The POMC sequences are from EMBL data base: 
accession numbers are for carp-I: Y14618, for carp-II: Y14617, for trout-A: X69808, for trout-B: 
X69809, for salmon-I: K02613, for Xenopus-A: M11346, for rat: J00759 and for human: M38297.
The degree of amino acid sequence identity is shown in bold. The sequences are from SWISS-PROT 
data base: accession numbers are for trout-A: Q04617, for trout-B: Q04618, for salmon-II: P10000 for 
Xenopus-A: P06298, for Xenopus-B: P06299, for rat: P01194 and for human: P01189. The amino acid 
sequence of salmon-I has been taken from; Kawauchi (1983) and Kitahara et al. (1988). Note: no 
cDNA sequences of salmon-I and Xenopus-B were found in EMBL data bas
mon-I. We therefore conclude th a t there is insufficient support for th is branching pat­
tern, and introduced a trichotom y at th is po in t in  the phylogenetic tree. The consensus 
tree suggests th a t separate gene duplications may have taken place in carp, Xenopus  and 
in a diploid ancestral form  com m on to salmonids. Then in  salmonids, the two POMC 
genes evolved probably for m illions o f years, before tro u t and salm on diverged from  the ir 
te traploid ancester. Given the h igh hom ology of the  POMC sequences in  carp com pared to 
salmonids, these data indicate th a t the tetraploid isation  event in  carp occurred later in 
evolution th a n  in  salmonids. Indeed, Larham m er and Risinger (1994), advanced evidence 
th a t genom e duplication in the com m on carp occurred some 16 Myr ago; in salmonids 
tetraploidisation occurred prior to th is event in carp, some 80-100 Myr (Lim e t al., 1975) 
or 25-100 Myr (Allendorf and Thorgaard, 1984) ago.
In fish, as well as in  m am m als, POMC-derived peptides are involved in  the  stress 
response (Sumpter e t al., 1985; Bradford e t al., 1992). Handling, confinem ent and osmo­
regulatory stressors stim ulate the HPI-system and upregulate POMC gene transcrip tion  in 
the brain  (Abo and Hanke, 1984). For tetraploid  fish such as carp and some salmonids this 
means th a t two POMCs can be differentially upregulated. Little is known about the biolo­
gical significance of the presence o f two POMCs in tetraploid  anim als. In rainbow  trout, 
Salbert and colleagues reported the expression of POMC-A, bu t not POMC-B, in sexually 
inactive fish (Salbert e t al., 1992). In the am phibian Xenopus laevis differences in proces­
sing end products of POMC-A and POMC-B could be detected in  black and w hite back­
ground adapted anim als (van Strien e t al., 1996), bu t the  physiological significance of this 
difference in end products is unknow n. We have prelim inary  evidence for differential 
expression of the two POMCs in carp adapted to different tem peratures and in  response
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to a tem perature shock (Arends e t al., 1998), suggesting different and functional roles for 
the two POMCs.
In th is report we dem onstrated by RT-PCR the expression of bo th  POMC mRNAs 
in the  p itu itary  gland, hypothalam us and the  rest o f th e  brain  o f a single fish. 
Q uantification of bo th  mRNAs (Arends e t al., 1998) offers a tool to study the  functional 
role o f the  different messengers in  tetraploid  animals.
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Abstract
Proopiomelanocortin (POMC) is the precursor of a number of biologically active 
peptides including adrenocorticotrophic hormone (ACTH), a-m elanocyte stimulating hor­
mone (a-M SH) and P-endorphin, that are released by the pituitary gland of fish as well as 
mammals. To quantitate the levels of expression of the two POMC mRNAs relative to one 
another during the response of the common carp to temperature-induced stress, we used 
RT-PCR combined with capillary electrophoresis and laser induced fluorescence detection. 
The ratio of POMC-I mRNA to POMC-II mRNA determined in wild type and four isogenic 
carp strains was found to be strain-dependent and influenced by temperature. In strain 
E20xR8, the ratio had increased in favour of POMC-I from 1:3.2 (POMC-I:POMC-II) in 
fish adapted to 24°C, to 1:1.2 in fish adapted to a decrease of 9°C in ambient tem peratu­
re. A rapid drop in temperature from 24 to 15°C decreased the POMC mRNA ratio at the 
expense of POMC-I from 1:1.9 in the control fish (strain E4xR3R8), to 1:4.2 three hours 
after the temperature drop of 9°C. We conclude that both POMC genes are expressed in 
the common carp, their expression ratio is strain-dependent and changes in response to 
ambient temperature.
Key words. mRNA expression, temperature-induced stress, tetraploidy, common carp, 
POMC, capillary electrophoresis, PCR quantitation.
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In t roduct ion
In fish, stressors activate the hypothalam ic-pituitary-interrenal (HPI)-system and 
the subsequent increased release of proopiom elanocortin  (POMC)-derived peptides from  
the p itu itary  gland induces cortisol release from  the corticosteroid-producing cells o f the 
head kidney. A variety of external stim uli is known to induce a stress response in  fish (for 
review: W endelaar Bonga, 1997). The com m on carp is a ra the r stenohaline fish (Gupta and 
Hanke, 1982) and changes in  w ater salinity increase plasm a cortisol levels (Abo and 
Hanke, 1984) w hich points to a stress response. Also in euryhaline teleosts such as the 
Mozambique tilapia (Oreochromis m ossambicus, Balm e t al., 1994) and the sea bream  
(Sparus aurata, M ancera e t al., 1994) rapid salinity changes can act as stressors. Moreover, 
stressors may also affect th e  in tegrity  o f the branchial epithelium , thereby increasing 
stress (Ultsch e t al., 1981).
POMC is the precursor o f the horm ones adrenocorticotrophic horm one (ACTH), 
a-m elanocyte stim ulating  horm one (a-MSH) and P -endorph in  in  all vertebrate classes. 
Genome duplication in  the  com m on carp resulted in a tetraploid anim al (Uyeno and 
Smith, 1972). In th e  com m on carp, the  duplicate loci started to diverge from  each other 
only for some 16 m illion years ago (Larhammar and Risinger, 1993). For th is carp two 
POMC cDNAs (POMC-I and POMC-II) have been cloned; as the  two POMC molecules show 
substitutions in  th e ir  P-MSH- and the corticotrophin-like interm ediate peptide (CLIP)- 
region, different POMC end products w ith  specific functions may be anticipated (Arends 
e t al., 1998). The expression o f two POMCs in tetraploid  anim als has been known for many 
years (Kawauchi, 1983; M artens e t al., 1985; Salbert e t al., 1992), bu t there is as yet little 
evidence for biological significance of the presence of two gene transcripts. Also, a 
m ethod to discrim inate between the  two horm one precursors at the  mRNA level has not 
been published.
We report here on the quan tita tion  of two closely related mRNAs for carp POMC. 
The polymerase chain reaction (PCR), a sensitive m ethod to quantita te expression of 
mRNA (Murphy e t al., 1990; Siebert and Larrick, 1993), was com bined w ith  capillary elec­
trophoresis (CE) and laser induced fluorescence (LIF) detection (Fasco e t al., 1995).
Changes in am bient tem perature affect all kinds of biological processes. For carp 
it has been dem onstrated th a t an increase in w ater tem perature stim ulates the basal rele­
ase of the p itu itary  gland gonadotrophins (Lin e t al., 1996); also, grow th is enhanced w ith  
rising tem peratures (Fine e t al., 1996). In addition, low environm ental tem peratures have 
been shown to affect the im m une system and suppress specific im m une functions in  carp 
(Le Morvan-Rocher e t al., 1995; Won and Lin, 1995). W hether changes in am bient tem pe­
rature can activate the HPI-system and evoke a stress reponse in  carp is unknow n. In the 
present study we quantified  the expression of bo th  POMC mRNAs in different strains of 
isogenic carp, in  response to sustained changes in  am bient tem perature and to a rapid 
tem perature drop.
Ma te r ia ls  and methods
A dult male and female carp, Cyprinus carpio L., w eighing around  100 gram , were 
obtained from  the  central fish culture facility (“de Haar vissen”) of the  A gricultural 
University o f W ageningen, The N etherlands. The isogenic carp strains used for the  expe­
rim ents were E4, E4xR3R8, E20xR8, R3xR8; also “wild type” carp from  our laboratory 
stock were used (Bongers e t al., 1997). The fish were held in  100 l tanks w ith  circulating, 
filtered and well-aerated tapw ater a t 24°C and a photoperiod o f 16 h light alternating  w ith
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Figure 1. Digestion patterns of POMC-I 
and POMC-II RT-PCR products.
RT-PCR products generated with carp 
POMC primers were digested for 3 hours 
at 37°C. All samples were derived from 
pituitary mRNA. Lane S, digested with 
Sac-I; lane P, digested with Pvu-II; lane 
S/P, digested with Sac-I and Pvu-II; lane 
N, not digested. cDNAs were fractiona­
ted on a 2% agarose gel and an inverted 
scan of the gel is shown. Molecular 
weights (bp) of the intact and digested 
products are given on the right.
8 h darkness. The fish were fed com m ercial fish food (Trouvit,Trouw, Putten, The 
Netherlands), a t a ration  of 1.5% of the body w eight per day.
For capillary electrophoresis a P/ACE 5010 u n it equipped w ith  a 635 laser m odu­
le and 47-cm x 100 m m  dsDNA 1000 coated capillary (Beckman Instrum ents, Fullerton, 
CA, USA) was used. Restriction enzymes were from  Boehringer M annheim  (Germany), rea­
gents for RT-PCR from  Gibco-BRL (Grand Island, NY, USA), prim ers from  Biolegio (Malden, 
The Netherlands). DNA intercalator TO-PRO-3 and TOTO-3 for capillary electrophoresis 
was from  Molecular Probes (Eugene, OR, USA) and all o ther chemicals from  Pharm acia 
(Uppsala, Sweden). Sterilisation filters (0.45 mm) were from  Amicon (Danvers, MA, USA).
Reverse Transcriptase - Polymerase Chain Reaction
RNA from  p itu itary  glands was isolated according to the Gibco-BRL RNAzol pro­
tocol. Five |ig to ta l RNA in 100% ethanol was precipitated, w ashed in  70% ethanol and air 
dried. The pellet was dissolved in 15 |il dd H 2 O and 0.7 |il Pd(N)6 (10 |ig / ml), incubated 
for 10 m in at 65°C, spun 5 s and p u t on ice. Three |il 0.1 M DTT, 1.5 |il 10mM dNTPs, 7.5 |il 
5 x RT-buffer and 0.5 |il RNA inhibitor (20 U) was added. After incubation  for 15 m in at 
65°C 0.5 |il RT-Superscript (100 U) was added and the m ixture incubated for 60 m in  at 
42°C.
The prim ers used for PCR were:
5’ CA GAA TTC CTA TGC AGG TCT GAT CTG 3’ CCCAP Forward, and 
5’ TC CTC GAG TGC TCT TTG TTT ATG ACG TTT 3’ CCCAP Reverse.
Template DNA (2.5 |il RT-mix) and 50 pm ol of each prim er were used in a final 
volume of 40 |il containing 1 x PCR buffer (Gibco-BRL), 1.5 mM M gC^, 375 |iM dNTPs and
1 u n it Taq DNA polymerase. After an in itial denaturing  step at 94°C for 5 m in, the subse­
quent cycles consisted of denaturing  at 94°C for 1 min, annealing at 51 °C for 1 min, and 
elongation at 72°C for 1 m in  for 30 cycles. A final elongation step was carried out at 72°C 
for 10 min.
Following PCR am plification 5 |il PCR-mix was digested in  a final volum e of 15 |il 
containing 1 x Sure cut buffer A + M (1:1) and 10 un its restriction enzyme Sac-I, Pvu-II or
70
CHAPTER 6
both  at 37°C for 3 h. Two POMC mRNAs called POMC-I and POMC-II were co-expressed in 
the p itu itary  gland of all carp studied. RT-PCR for detection o f POMC in the  p itu itary  
gland resulted in a 515-bp product, in  accordance w ith  the prim er set chosen. Proceeding 
from  the sequence analysis o f th e  two POMC cDNAs, Pvu-II was chosen to specifically 
digest POMC-I into two products o f 227- and 288-bp and Sac-I for digestion of POMC-II into 
two products o f 171- and 344-bp, respectively. It should be noted th a t the 515-bp band in 
lane S contains POMC-I and possibly Sac-I undigested POMC-II, the 515-bp band in lane P 
contains POMC-II and possibly Pvu-II undigested POMC-I. A sm all am ount o f undigested 
product POMC-I, POMC-II, or bo th  was possibly present in  lane S/P (515-bp band, Fig.1).
In the RT-PCR the  two POMC mRNAs were am plified by a single prim er set. The 
ratio between bo th  POMC mRNAs was assessed upon different num bers o f PCR cycles in 
two strains, the “wild type” and E4xR3R8 strain. The ratio in  wild type and E4xR3R8 carp 
proved to be independent of the  num ber of PCR cycles. The ratio  POMC-I:POMC-II mRNA 
was dependent on th e  strain  used (Fig. 2). The am ount RT-mix as tem plate (3 to 17% of the 
total RT-mix) in  the PCR was tested and the POMC ratio was independent o f the am ount 
o f tem plate (data not shown).
Capillary Electrophoresis
The w ash buffer was TBE (89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8.5) con­
ta in ing  50 nM TOTO-3 or TO-PRO-3. Separation m edium  contained 3% acrylamide, 0.04% 
am m onium  persulphate and 0.1% TEMED in wash buffer and was allowed to polymerise 
overnight at 4°C. Buffers were filtered th rough  a 0.45-mm sterilisation filter before use.
The colum n was high-pressure-washed in the reverse direction w ith fresh separation buf­
fer for 5 m in  prior to each injection. Before injection o f the sample, the capillary was loa­
ded w ith  TO-PRO-3 or TOTO-3 in  w ash buffer w ith  high pressure for 12 s; next the sample 
was applied by either 25 s pressure loading, or 60 s electrokinetic loading at 7.4 kV. 
Electrophoresis was perform ed at 200 V/cm, using a reversed polarity  and separation 
m edium .
Capillary electrophoresis w ith  laser induced fluorescence (CE-LIF) was used to 
quantify the PCR products. Integrated peaks corrected for reten tion  tim es, were calcula­
ted by Beckman “GOLD” version 8.10 software. The sum  of the in tegrated peak areas repre­
sents th e  am ount o f PCR product (Fig. 3). The sum  of the peak areas 2, 3, 4 and 5 repre­
sented the  two POMC mRNAs and was designated 100%. Peaks 3 and 4 represent POMC-I 
and peaks 2 and 5 POMC-II. The POMC-I to POMC-II ratio  was calculated by taking a ratio 
o f the integrated peaks of POMC-I (peak 3 and 4) and POMC-II (peak 2 and 5). Prim ers for
Figure 2. POMC mRNA expression during PCR amplifi­
cation.
Measurement of the ratio POMC-I:POMC-II during PCR 
amplification. PCR was performed in separate tubes for 
different numbers of cycles. PCR products were digested 
with Sac-I and Pvu-II and quantified with CE-LIF The 
ratio was calculated by dividing the integrated peak 
areas of POMC-I by POMC-II.
PCR cycle
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Figure.3. Separation of POMC Sac-I/Pvu-II digest on 70 --
capillary electrophoresis with the detection of TO-PRO- 
3 complexes by LIF. Relative fluorescence units (RFU)
60 --
50 -■ 
40 --were detected at excitation and emission wavelengths of 
642 nm and 660 nm, respectively. Peak 1, PCR primers; 
peaks 2 and 5 POMC-II; peak 3 and 4 POMC-I; and
peak 6 undigested POMC. The POMC ratio was calcu­
lated by dividing the integrated areas of POMC-I (peak 
3 and 4), by POMC-II (peak 2 and 5).
H— I— I— I— I— I— I— I— +
25 30
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PCR appeared in  peak 1, the undigested fraction in  peak 6; the  la tter was always less th an  
7%. CE-LIF analysis indicated th a t under the conditions chosen (30 PCR cycles and 3 h 
digestion by the restriction enzymes) the m ean digestion of POMC cDNAs was 97.0 ± 0.4 
%. (n = 61).
Temperatu.re-indu.ced stress
Strain E4xR3R8 were kept in  groups of 10 fish in  100 l tanks (N=16). Each tank  
represented one experim ental group. Eight groups were used as controls for each tim e 
point, ano ther 8 groups were tem perature-shocked by exposure to a 9°C reduction in 
am bient tem perature. The circulating w ater at 24°C was changed by a flow th rough  of 
w ater at 15°C. W ith in  45 m in  th e  am bient tem perature in  the  tan k  decreased from  24 to 
15°C. At tim e po in t t=0, one control and one experim ental group were netted in  one scoop 
using a net fit to the  aquarium . Fish were anaesthetised in  0.3 g/l tetram ethylsilane (TMS, 
Sigma, St Louis, USA) and 0.6 g/l bicarbonate and blood samples were taken w ith in  5 m in 
of capture (Weijts e t al, 1997). This procedure allowed detection o f basal cortisol levels in 
th is species. After blood sam pling the fish were decapitated, the  p itu itary  glands removed 
and stored at -20°C. The tem perature shock started at t=0 and tem perature (in the 8 expe­
rim ental tanks) decreased w ith in  45 m in from  24 to 15°C as described above, w ithou t 
handling stress of the  fish. At tim e points 20, 40, 60, 90, and 180 min, one control and one 
experim ental group were netted and sampled as described above. Three h after th e  onset 
of the tem perature shock the tem perature was increased again w ith in  45 m in to 24°C. At 
t=300 min, the last control and experim ental groups were sampled.
In a separate experim ent long-term acclim ation effects on the POMC mRNA 
expression were studied. Three groups (strain E20xR8, w eight about 50 gram) were adap­
ted for 8 weeks to different environm ental tem peratures o f 15, 24 or 29°C, respectively. 
After 8 weeks, groups were sampled as described above.
Cortisol RIA
Cortisol was m easured by radioim m unoassay described by Balm and colleagues 
(1998), using a com m ercial antiserum  (Bioclinical Services Ltd., Cardiff, UK). All constitu­
ents were in phosphate-EDTA buffer (0.05 M Na2 HPO4 , 0.01 M Na2 EDTA and 0.003 M 
NaN3 ). Ten |il standards or unknow ns in  RIA buffer (phoshate-EDTA buffer containing 
0.1% 8-anilio-1-naphthalene sulfonic acid, and 0.1% w/v bovine y-globulin) were incubated 
w ith  100 |il an tiserum  (in RIA buffer containing 0.2% norm al rabbit serum) for 4 h.
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E20xR8 E20xR8 E20xR8 R3xR8 E4 E4xR3R8 
15 24 29 24 24 24
Strain / Temperature ( °C)
Figure 4. The percentage POMC-I mRNA expression in 
the isogenic carp strains E20xR8 (n=8), R3xR8 (n=4), E4 
(n=4) and E4xR3R8 (n=5) is shown in closed bars. Open 
bars indicate percentage not digested POMC in strain 
E20xR8, in other groups digestion was 100%.Values are 
depicted as mean ± standard error of the mean (S.E.M.). 
A significant decrease in POMC-I mRNA expression 
(***) was found between the 15°C, and 22°C and 
29°C adapted fish (P<0.001). Furthermore, the percen­
tage POMC-I differed significantly (**) between the 
strains R3xR8, and E4 and E20xR8 (P<0.01).
Samples were incubated overnight w ith  100 |il iodinated cortisol (2000 d.p.m., A m ersham  
Nederland BV, ‘s Hertogenbosch, The Netherlands). Bound and free horm one were sepa­
rated by adding 1 m l of ice-cold precip itation buffer (phosphate-EDTA buffer containing 
2% w/v bovine serum  album in and 5% w/v poly-ethylene glycol). The tubes were centrifu­
ged at 4°C (2000 g, 20 min), the superna tan t removed, and counted in a gam m a counter 
(1272 clinigam m a; LKB Wallac, Turku, Sweden).
Statistical analysis
In all experim ents, differences am ong groups were assessed by one-way analysis 
o f variance (ANOVA). Subsequently, significance of differences between m ean values was 
tested w ith  the Tukey m ultiple com parison test. Statistical significance was accepted at P 
< 0.05. Values are expressed as m ean ± standard error of the  m ean (S.E.M.).
Interassay variation
The reproducibility o f the CE-LIF m ethod was assessed by determ ination  of the 
interassay variation  on nine consecutive experim ental days. A 100 base pair ladder was 
used as bo th  standard  and size control for the digested products. The integrated peak 
areas of th is standard 100 base pair ladder were calculated for six peaks as a percentage 
of the total (Table 1). The standard  error o f the m ean was less th en  6% of the m ean peak 
area for all peaks. Proceeding from  the  sm aller th a n  6% inter-assay error variation, we con­
clude th a t th is procedure is valid.
Results
Using RT-PCR, we were able to dem onstrate the expression of two POMC mRNAs 
in the p itu itary  gland of a single fish, (Fig 1). After cloning o f th e  two POMC mRNAs, one 
single prim er set was selected for the am plification of bo th  mRNAs by RT-PCR. Digestion 
w ith  the restriction enzymes Pvu-II and Sac-I allowed discrim ination between POMC-I and 
POMC-II. We found a change in  ra tio  POMC-I: POMC-II mRNA betw een strains. 
Furtherm ore, we showed th a t the ratio POMC-I:POMC-II was independent o f the num bers 
o f PCR cycles (Fig. 2). Q uantification of the PCR products was perform ed by in tegration  of 
the peak areas m easured by CE-LIF (Fig. 3). The reproducibility o f the CE-LIF m ethod was 
m easured by the  interassay variation  and the s.e.m. was 1.4%, or less (Table 1).
To test w hether POMC mRNA expression is strain-dependent, we m easured the 
ratio POMC-I:POMC-II in  the isogenic carp strains E20xR8, R3xR8, E4 and E4xR3R8, and
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Figure 5. Cortisol levels in carp adapted to different 
ambient temperatures for at least 8 weeks.
Plasma cortisol levels were significantly different 
(* P<0.05, ** P<0.01, n=17).
Ambient temperature ( °C)
the wild type carp. The percentage POMC-I mRNA expression in  these carp, all kept at 
24°C, is shown in figures 2 and 4. The ratio POMC-I:POMC-II was 1:1 for the wild type, 1:1.9 
for strain  E4xR3R8, 1:3.2 for strain  E20xR8, 1:3.2 for strain  E4, and 1:5.4 for strain  R3xR8.
Furtherm ore, POMC mRNA expression in  fish acclim ated to different am bient 
tem peratures (15, 24 or 29°C) was studied in  strain  E20xR8. A significant increase of 
POMC-I mRNA expression was found in the fish acclim ated to 15°C am bient tem perature, 
com pared to fish acclim ated to 24 and 29°C (Fig. 4). The POMC-I: POMC-II ratio  increased 
in favour of POMC-I from  1:3.2 for fish kept 24°C, to 1:1.2 in  fish adapted to 15°C.
Plasma cortisol levels in  fish adapted to am bient tem peratures o f 15, 24 or 29°C 
were significantly different (Fig. 5).
Next, short-term  effects on POMC mRNA expression were studied in  the  isogenic 
strain E4xR3R8. In these carp a ratio POMC-I:POMC-II o f 1:1.9 was found. At tim e points up 
to 5 h after the  fish experienced a fall in  tem perature of 9°C, POMC mRNA expression in 
the p itu itary  gland was m easured. Three hours after the rapid drop in tem perature, the 
percentage POMC-I had decreased significantly (P<0.02), resulting the  ratio POMC-I:POMC-
II mRNA to decline at the expense of POMC-I from  1:1.9 at t=0, to 1:4.2 at t=3 h and incre­
ase in  favour of POMC-I again to 1:1.7 at t=5 h (tem perature re tu rned  to 24°C at t=3 h, Fig. 
6).
Discussion
In the present study RT-PCR com bined w ith  capillary electrophoresis and laser- 
induced fluorescence detection allowed us to quantify differences in gene expression of 
closely related POMC genes (93.5% nucleotide sequence identity, Arends e t al., 1998) from 
a tetraploid  carp. The fact th a t no digestion of POMC-I by Pvu-II and no digestion of POMC-
II by Sac-I occurred, indicates th e  specificity of the enzymes used. As only one prim er set 
was used in  the PCR, irregular com petition between competitive cDNAs was avoided and 
the suggested use of an in te rnal standard  in  quantitative PCR (Siebert and Larrick, 1993; 
Riedy e t al., 1995) was th u s not necessary. In PCR, exponential am plification of the cDNA 
takes place. For the PCR quan tita tion  only the linear part of the reaction reflects th e  in i­
tia l ratio o f mRNAs. Indeed at between 20 to 40 cycles the  ratio POMC-I: POMC-II appeared 
to be independent o f the num ber o f PCR cycles. To avoid exhaustion o f one of the PCR 
ingredients, a num ber o f 30 cycles was chosen to quantify the ratio o f the two POMC 
mRNAs. W ith  th is m ethod the ratio between the  two POMC mRNAs could reproducibly be 
assessed and we consider the ratio as an appropiate param eter to study differential gene 
expression. Our m ethod allows quantification  of the ratio  o f differentially expressed
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Figure 6. The percentage POMC-I mRNA 
expression in the isogenic carp strain 
E4xR3R8 after a temperature shock of 
-9°C (left y-axis, n=5). Bars represent the 
percentage undigested POMC (right y- 
axis). Values are depicted as mean ± 
standard error of the mean (S.E.M.). A 
significant decrease (*) in POMC-I 
mRNA expression was found at t=180 
min (P<0.02).
genes and not o f absolute am ounts mRNA. For quantification  of to tal mRNA expression a 
m ethod using a control gene, e.g. th a t o f P2 -m icroglobulin, should be used (Murphy e t al.,
1990).
The finding o f a POMC-I and -II mRNA ratio o f 1:1 in  wild type carp points to an 
unbiased duplication o f the  POMC gene. However, to our surprise the mRNA ratio POMC- 
I:POMC-II deviated significantly from  1 in the  isogenic strains, from  1:5.4 (POMC-I:POMC- 
II) for strain  R3xR8, to 1:1.9 for strain  E4xR3R8. This may indicate th a t due to polymor­
phism , annealing o f one of the prim ers was inhibited, thereby in troducing a strain-depen­
dent POMC mRNA ratio. However, we th in k  th a t polym orphism  cannot be the cause of 
the ratio shift in  carp. One could argue th a t a strain-dependent differential POMC mRNA 
expression was introduced during the  gynogenetic reproduction of these isogenic carp, 
due to em bryonic damage caused by the chrom osom e m anipulation  trea tm en t (Bongers 
e t al, 1997). However, all these strains have been tested for microsatellites and proven to 
be homozygous, indicating th a t duplicate sets o f all genes are present in  these fish 
(Crooijmans e t al, 1997).
We tested the  hypothesis th a t am bient tem perature may alter the POMC mRNA 
ratio. A significantly increased POMC mRNA ratio  in favour of POMC-I was found in  carp 
(strain E20xR8) adapted to 15°C, w hen com pared to 24 and 29°C. The digestion of the  PCR 
product in th is experim ent was not 100%, bu t the  am ount o f the undigested PCR product 
was less th e n  7% and could no t be responsible for the ratio shift. It is unknow n w hether 
th is ratio shift was caused by increased POMC-I mRNA expression, a decrease of POMC-II, 
or a com bination of both. It is known th a t environm ental tem perature directly in fluen­
ces basal constitutive horm one release (Fine e t al., 1996; Lin e t al., 1996), bu t bo th  w ild­
type and th e  isogenic strains R3xR8 and E4xR3R8 were kept at 24°C, w hich would exclu­
de upregulation  of the release as a result o f increased m etabolic activity. We m easured 
plasm a cortisol levels to check w hether the environm ental tem perature had evoked a 
stress response, as in  salm onid fishes tem perature shocks potentiates the stress response 
to handling and confinem ent (Sumpter e t al., 1985; 1986). A significant effect o f am bient 
tem perature on the basal cortisol secretion was found. However, plasm a cortisol levels 
were less th a n  20 ng/m l indicating th a t the  fish were probably not stressed and well adap­
ted to the  different am bient tem peratures. These results therefore indicate th a t am bient 
tem perature alters the quality (preference for either POMC-I mRNA or POMC-II mRNA) of 
the message ra th e r th a n  the quantity.
We th en  tested the hypothesis th a t a rapid drop in am bient tem perature could 
evoke a stress response and induce a differential expression of the  bo th  POMC mRNAs in
Time (min)
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Day to day variation (n=9)
Size (bp)
Mean peak area (%) 
s.e.m.
100 200 300 400 500 600 1400 2200
12.5 3.6 3.2 2.9 2.7 2.4 2.6 70.2
1.1 0.3 0.2 0.2 0.2 0.2 0.1 1.8
Table 1. Day to day (interassay) variation of a 100 base pair cDNA ladder.
Integrated peak areas were calculated as percentage of a total of six peaks of a 100 base pair cDNA 
ladder. Mean peak area and standard error of the mean (S.E.M.) were calculated from 9 experimental 
days.
an experim ent w here fish were exposed to a rapid drop in  tem perature of 9°C, w hich evo­
kes a tim e-dependent cortisol response. These fish were probably stressed by the trea t­
m ent because, in a sim ilar experim ent o f our group, we found th a t plasm a cortisol levels 
were elevated, up  to 6 tim es control level, 20 m in  after the sta rt o f the  experim ent and 
rem ained elevated u n til the  end o f the  tem perature shock (t=3 h), indicating th a t th is 
drop in  tem perature was a stressful event for the  fish. At tim e po in t t=5 h (2 h after the 
tem perature had re tu rned  to 24°C) plasm a cortisol levels were back to control levels (M. 
Tanck, J. Komen and S.E. W endelaar Bonga, unpublished observations). We found a signi­
ficantly decreased mRNA ratio  of POMC-I to POMC-II at the  expense of POMC-I, 3 h after 
onset o f the rapid tem perature drop, indicating th a t the tem perature drop increased the 
POMC mRNA transcrip tion  and th a t th is newly transcribed POMC mRNA was m ainly 
POMC-II. This is in  agreem ent w ith  m am m alian  literature, w here a stress-induced increa­
se in  POMC mRNA expression has been dem onstrated in  the  p itu itary  gland of rats (Hollt 
e t al.1986, Shiomi e t al., 1986). Our results indicate th a t in  carp a control m echanism  for 
the regulation of the POMC mRNA expression is activated during  tem perature-induced 
stress. However, as no absolute am ounts o f mRNA were m easured, differences in  POMC-I 
and POMC-II mRNA clearance could also explain the ratio  shift. The am ount o f undigested 
POMC mRNA in th is experim ent was less th en  5% and could not be responsible for this 
ratio shift. We therefore conclude th a t the observed differential expression is induced by 
the tem perature shock acting as a stressor. The m echanism  for th e  activation o f th is stress- 
induced differential expression is unknow n. A possible m echanism  th a t could produce 
such a shift is a differential affinity of transcrip tion  factors for the prom oters o f the two 
POMC genes.
A lthough the  expression of two POMCs in tetraploid anim als has been known for 
m any years (Kawauchi, 1983; M artens e t al., 1985; Salbert e t al., 1992), still there is little 
evidence for any biological significance of the presence of two gene transcripts. In one 
report on rainbow trou t, POMC-A and POMC-B cDNAs were cloned (Salbert e t al., 1992). 
Salbert and colleagues (1992) thereby have reported the expression of POMC-A, b u t not 
POMC-B in hypothalam ic neurones of sexually im m ature fish. Furtherm ore, in  the am phi­
bian Xenopus laevis differences in  processing end products o f POMC-A and POMC-B could 
be detected in  black and w hite background adapted anim als (van Strien e t al., 1996). Our 
results provide the  first evidence for the differential expression of two POMC mRNAs 
during tem perature-induced stress and in response to different am bient tem peratures in 
the tetraploid  carp.
The question rem ains in  w hich cells th is POMC ratio shift occurs, viz. in  the cor- 
ticotrope cells o f the  pars distalis or in  the m elanotrope cells o f the pars interm edia. In
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carp, the  two POMC molecules produce the same type of a-M SH and P -endorph in  pep­
tides, bu t two different types of ACTH and P-MSH (Arends e t al., 1998). As the rapid drop 
in  tem perature described here induces an a-M SH -independent rise in  cortisol (Wendelaar 
Bonga, unpublished observations), we hypothesise th a t the corticotrope cells are involved 
in  th is response. As am ino acid substitutions occur in the ACTH peptide bu t not in  a-M SH 
and endorphins, differential POMC expression in the  corticotropes may well be functio­
nal. Radioim munoassays are currently  set up  to study these different POMC-derived pep­
tides in  plasma. Future studies will address the questions w hether the  ratio of the POMC 
m essenger RNAs affects the cortisol release, and w hether cortisol feedback regulates the 
POMC gene and thereby affects the ratio of the POMC mRNAs.
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Summary and General  Discussion
W hen severe, stress is a phenom enon th a t th reatens hum an  health  as well as ani­
mal welfare. In aquaculture, fish experience a num ber of anthropogenic and environ­
m ental stressors th a t negatively affect food conversion, growth, reproduction, the im m u­
ne system, and thus in  general, the well-being of fish. In th is thesis, we studied neuro­
endocrine adaptation  m echanism s to stress in  response to non-toxic stressors. To study the 
stress response in teleostean fishes, we have exposed fish to confinem ent, air exposure, 
different backgrounds and a tem perature shock, to m im ic aquaculture-related stressors. 
Some of the m ain  findings are:
- Confinem ent o f g ilthead sea bream  (Sparus aurata L.) kept in seawater to a den­
sity o f 70 kg/m3 (versus 4 kg/m3 in controls) increased plasm a cortisol, adrenocorticotro- 
phic horm one (ACTH) and a-m elanocyte stim ulating  horm one (a-MSH), indicating an 
activation of the brain-pituitary-interrenal (BPI) axis. A nother stressor, 3 m in of air expo­
sure, did not stim ulate the release o f ACTH, b u t increased plasm a glucose and lactate, 
indicating an activation of the  brain-sym pathetic-chrom affin cell (BSC) axis. Thirty m in 
after air exposure, a strongly increased perm eability  o f the  gills to sodium, m agnesium  
and chloride was found, probably induced by catecholam ines. Thus, a stim ulus-depen­
dent activation of the BPI-axis and the  BSC-axis may occur in sea bream  (Chapter 2).
- The activation o f the BPI-axis described in  Chapter 2 could be inhibited by injec­
tion  of cortisol (20 mg/kg body weight) 24 hours prior to the experim ents. Furtherm ore, 
a response w hich involves catecholam ine release, i.e. the increase o f the perm eability  of 
the gills to ions, was com pletely abolished by cortisol injection (Chapter 3), indicating 
th a t cortisol can also inh ib it the  BSC-axis.
- Sea bream  a-M SH was biochem ically characterised and the peptide sequence 
determ ined by ESM/MS. The results obtained in  th is study indicate th a t a-M SH can be N- 
and O-terminally acetylated and C-terminally am idated in  sea bream . Surprisingly, we 
found the highest plasm a a-M SH levels in white-adapted as com pared to grey- or black- 
adapted fish. Apparently, in  contrast to o ther species, adaptation  to a black background 
in sea bream  is not directly related to plasm a to tal a-M SH levels. In sea bream , m onoace­
tyl a-M SH is the  m ost abundan t isoform found in the p itu itary  gland after background 
adaptation, confinem ent or air exposure (Chapter 4).
-Proopiom elanocortin (POMC) is the precursor o f a num ber o f biologically active 
peptides (such as ACTH, a-M SH and P -endorphin) th a t are involved in the stress respon­
se in  fish and m am m als. We have cloned two POMC cDNAs, arbitrarily  called POMC-I and 
POMC-II, from  the p itu itary  gland o f the  tetraploid carp (Cyprinus carpio L.). The deduced 
am ino acid sequences are 91.4% identical and in  the ACTH and the a-M SH dom ain two 
am ino acid substitutions were found. Both mRNAs are expressed in  the  hypophysis, hypo­
thalam us and other parts o f the  brain  o f a single fish (Chapter 5).
- We used RT-PCR com bined w ith  capillary electrophoresis and laser-induced flu­
orescence to quantita te the levels o f expression of the two POMC mRNAs in carp. The ratio 
of POMC-I to POMC-II differed in isogenic strains o f carp and was influenced by am bient 
tem perature. A rapid drop in  tem perature from  24°C to 15°C decreased the POMC ratio at 
the expense of POMC-I and dem onstrated the dynam ics o f POMC expression in  a tetra- 
ploid anim al. These data indicate th a t two functional POMC mRNAs are expressed in  the 
com m on carp. Their expression is strain  dependent and changes in  response to am bient 
tem perature (Chapter 6). On the basis o f the results reported in  th is thesis, a diagram  is 
given for th e  activation of the stress response in  fish (Fig. 1).
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Stim ulus-dependent activation o f  the BSC- and BPI-axis
The plasm a levels o f the  messengers o f the BSC- and the  BPI-axis (or, in tetrapods, 
the brain-pituitary-adrenal axis; BPA-axis) are th e  most sensitive indicators of stress in 
anim als: increased levels of catecholam ines (CAs), ACTH and glucocorticosteroids are clas­
sically associated w ith  the stress response. In m am m als, CAs are secreted by chrom affin  
cells located in  the m edulla o f the adrenal gland. The chrom affin  cells secrete CAs in  res­
ponse to the neuro transm itte r acetylcholine (ACh) secreted by preganglionic neurones of 
the sym pathetic nerve system (Kandel e t al., 1995). Cortisol or corticosterone are synthe­
sised by cells of the adrenal cortex of the tetrapods. The teleostean hom ologue of the  adre­
nal gland are the  chrom affin  and in terrenal cells of the head kidney. The chrom affin  cells 
are interm ingled w ith  the  cortisol synthesising in te rrenal cells located around  the walls 
o f the  cardinal veins and some of th e ir  branches (Milano e t al., 1997). The in te rrenal cells 
o f fish produce cortisol. A variety of stressors have been dem onstrated to activate the BSC- 
and BPA-axes.
The stress response can occur in  two tim e dom ains: (1) a short-term  response fol­
lowing exposure to an acute stressor and (2) a long-term response upon  chronic exposure 
to a stressor. We have chosen to expose sea bream  to air as an acute stressor (Chapter 2). 
Air exposure increased plasm a cortisol, a-MSH, glucose and lactate levels b u t not plasm a 
ACTH. Thus, the m elanotrope cells o f the pars in term edia in th e  p itu itary  gland were sti­
m ulated, bu t not the  corticotrope cells o f the  pars distalis. As indicated by the rapid rise 
in  plasm a glucose and lactate, CAs are released during  air exposure. We have concluded 
th a t the BSC-axis was m ore strongly activated th a n  the BPI-axis. In coho salm on 
(Oncorhynchus kisutch) and rainbow  tro u t (Oncorhynchus mykiss), handling, ano ther 
acute stressor, stim ulated the corticotrope cells and increased plasm a ACTH and cortisol 
levels (Sumpter e t al., 1986). On the  o ther hand, in  tilapia (Oreochromis mossambicus) 
handling increased plasm a cortisol levels, w ithou t elevation of plasm a ACTH levels (Balm 
e t al., 1994). Unfortunately, in  these studies param eters reflecting the  activity of the BSC- 
axis were not determ ined. Differential effects of stressors on corticotrope and m elanotro- 
pe cells have also been reported for salmonids and tilapia. H andling followed by confine­
m en t increased plasm a ACTH in coho salm on and rainbow  trout, bu t not plasm a a-M SH 
(Sumpter e t al., 1986). However, in  brown tro u t (Salmo trutta), w hen handling  followed by 
confinem ent was com bined w ith  a the rm al shock plasm a levels of a-M SH and P-endor- 
ph in  rose in  addition  to ACTH (Sumpter e t al., 1985). In m am m als, acute stressors such as 
handling, electric shocks and severe head in jury  in  general activate th e  BSC- and BPA-axes, 
and, as far as determ ined, the BPA-axis activation includes elevation of plasm a ACTH 
levels (Mormede e t al., 1984; Kant e t al., 1992; Dobrakovova e t al., 1993; Minton, 1994; Koiv 
e t al., 1997; Wang, 1997; Cacioppo e t al. 1998).
To study the long-term response upon  chronic exposure to a stressor we chroni­
cally stressed sea bream  by confinem ent for up  to 11 days (Chapter 2). We observed an 
increase o f plasm a ACTH and a-M SH levels, only during the first hours o f confinem ent. 
This rise in  plasm a ACTH was accom panied by a rise in cortisol. Thus, confinem ent acti­
vated the BPI-axis chronically. Moreover, plasm a glucose concentrations were increased 
during the first 3 days of confinem ent, indicating th a t the BSC-axis was notably stim ula­
ted. In the red gurnard  (Chelidonichthys kum u) and in  brown tro u t (Salmo trutta) a simi­
lar response to long-term confinem ent has been found (Clearwater and Pankhurst, 1997; 
Norris e t al., 1999). The decrease in  plasm a cortisol, ACTH and a-M SH several hours after 
the sta rt of confinem ent indicates th a t some hab ituation  and/or desensitisation may have
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occurred. In m am m als, chronic stress may activate the BPA-axis and result in  elevated 
plasm a ACTH levels for weeks (Vernikos e t al., 1982), bu t norm ally plasm a ACTH levels 
re tu rn  to control levels following habituation  and desensitisation (Harbuz and Lightman, 
1992; Pignatelli e t al., 1998). In some o ther studies investigating chronic stress, an acute 
stressor was repeated on a num ber of days. If anim als are exposed several tim es to the 
same type of footshock, hab ituation  occurs and the response of the BSC-axis decreases 
(McCarty e t al., 1988; Konarska e t al., 1989). In rats, handling induced an increase of plas­
m a CAs and ACTH, and thus activation of bo th  BSC- and BPI-axes. W hen rats were repea­
tedly handled a reduction  of the elevated epinephrine and ACTH levels, bu t not o f h igh 
norep inephrine concentrations was observed (Dobrakovova e t al., 1993), suggesting habi­
tua tion  to the stressor.
In sea bream , the  activation of bo th  the BSC-axis and the  BPI-axis could be inh i­
bited by cortisol injection (Chapter 3). From the results obtained in th is thesis we could 
not distinguish at w hat level (hypothalam ic or m ore peripheral) the  feedback inhibition  
by cortisol occurs. Down-regulation o f the  BPI-axis was achieved in  vivo th rough  im plants 
containing cortisol probably operating at the  level o f the hypothalam us (Fryer and Peter, 
1977) and in  vitro  on the p itu itary  gland of goldfish (Fryer e t al., 1984). Furtherm ore, in 
coho salm on (O ncorhynchuskisutch) cortisol was shown to effect self-suppression in  vitro  
by negative feedback of its secretion directly at the level o f the in terrenal gland (Bradford 
e t al., 1992). Little is known about the effects o f cortisol on the  BSC-axis and on the  relea­
se o f CAs. In rainbow  tro u t and carp cortisol does not directly stim ulate CA secretion in  
vitro  (Reid e t al., 1996; Gfell e t al., 1997). But adm inistration  of cortisol to rainbow tro u t 
may increase CAs storage and sensitise the responsiveness of CA release processes 
(Narnaware and Baker, 1996). In our experim ent w ith  cortisol injected seawater sea 
bream , a CA associated response to air exposure viz., the in flux  of plasm a ions, was com­
pletely abolished. Thus, cortisol injection in  such fish apparently  exerts a feedback inh i­
bition  on sym pathetic brain  centres, resulting  in  a decrease of CA release from  the chro­
m affin  cells. In a study on hum ans, stim ulation  of the BSC-axis could not be blocked by 
adm inistra tion  of the synthetic steroid dexam ethasone (Malarkey e t al., 1995). However, 
as cortisol modifies osm oregulatory processes in  gills via high-affinity cortisol receptors 
(Chakraborti e t al., 1987) and cortisol increases gill Na/K-ATPase activity (Specker e t al., 
1994), it can not be excluded th a t the absence of the disturbance of the hydrom ineral 
balance in our air-exposed cortisol-injected fish was m ediated by com pensatory Na/K- 
ATPase activity induced by cortisol.
Some explanations o f these inconsistent results on fish are, first o f all, species 
variability. The stress response has been investigated in  only a small and far from  repre­
sentative num ber o f 20.000 extant species o f fish, and substantial differences between 
species can be found (for review see W endelaar Bonga, 1997). Second, differences in  stress 
protocols may play a role: in  particu lar com bination of stressors, intended or unintended, 
may evoke com plicated responses. In fish studies, chasing, netting  and handling are stres­
sors th a t may un in tendedly  interfere in  m any protocols, for instance w here anim als are 
transferred from  stock to experim ental tanks, or for sampling. Moreover, w hen experi-
Figure 1. A generalised diagram of the stress response to aquaculture-related stressors in fish, according to results obtai­
ned in this study. Stimulatory effects; +, inhibitory effects; -.
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m ents are perform ed w ith  each experim ental group in a single tank, confounding effects 
relating to tank-differences may occur and need to be checked carefully.
BSC-axis activation and cortisol release
In our experim ents w ith  sea bream  (Chapter 2 and 3), we have found indirect evi­
dence for an activation of the  BSC-axis by air exposure. Concom itant w ith  the activation 
of the BSC-axis cortisol was released. Since no rise in  plasm a ACTH was observed, the rele­
ase of cortisol after air exposure may have been triggered by paracrine actions of CAs. It 
should be kept in m ind, however, th a t the influence of CAs on cortisol secretion is not cle­
arly docum ented in  seawater fish. In freshw ater fish, a direct effect o f CAs on cortisol rele­
ase could not be dem onstrated in  vivo in  rainbow  tro u t (Reid e t al. 1996), nor in  vitro  in 
carp (Gfell e t al., 1997). Nevertheless, in m am m als, th is type of innervation  has been well 
established. In these animals, plasm a CAs originate from  the  adrenal chrom affin  cells as 
well as from  sym pathetic neurones, by a process called overflow. However, overflow of 
epinephrine and norep inephrine from  nerve term inals does not contribute to the  eleva­
tion  of plasm a CA levels in  fish (Randall and Perry, 1992). Nevertheless, the interm ingling 
of chrom affin  and in terrenal cells in  the head kidney makes it very well possible th a t an 
overflow of neuro transm itters from  sym pathetic neurones on chrom affin  cells stim ulates 
cortisol secretion from  in terrenal cells.
A nother m echanism  th a t may have triggered the release of cortisol is via sympa­
thetic  stim ulation  of the in terrenal cells by ACh. The head kidney is innervated by the 
autonom ic nerve system (Fig. 1), since Gfell e t al. (1997) have shown for carp th a t not only 
the chrom affin  cells, w hich produce CAs, are innervated by sym pathetic cholinergic 
fibres (via nicotinic receptors), b u t also the cortisol producing in terrenal cells (via m us­
carinic receptors). In m am m als, the adrenal cortex (steroid producing cells) is innervated 
by sym pathetic nerve term inals and ACh is a stim ulan t of cortisol synthesis and release 
(Hadjian e t al., 1982), although, sim ilar as in  fish, ACTH is considered th e  m ain stim ula­
tor o f cortisol. Indeed, in  cultured  bovine adrenocortical cells, steroid secretion could be 
stim ulated w ith  norep inephrine (Ehrhart-Bornstein e t al., 1995).
Finally, in  tilapia a-M SH has been reported to have corticotropic actions (Lamers 
e t al., 1992). A lthough the  plasm a levels o f th is horm one were elevated after air exposure, 
we could not dem onstrate corticotropic activity o f m onoacetyl a-M SH in sea bream  (J. 
Rotllant, personal com m unication). Prelim inary experim ents w ith  a-M SH on carp in ter­
renal cells were also ineffective (Arends, personal observation). In our studies, we did not 
investigate the afferent lim b of the  adrenergic stress response in  detail. Direct m easure­
m ents o f plasm a catecholam ines were no t perform ed for technical reasons: plasm a CA 
levels increase w ith in  seconds after capture, anaesthetisation  and blood puncture. 
Cannulation of fish, adapted to handling has been used for the m easurem ents o f control 
CA levels; unfortunately, the size and num ber of experim ental fish did not allow us to 
cannulate the fish for our studies. Moreover, cannulation  itself may cause substantial 
stress in  fish, as cannulated  fish had h igher resting plasm a cortisol concentrations th an  
rapidly caught wild fish (Lowe and Wells, 1996).
Background, adaptation in  sea bream
In 1956 a peptide causing darkening of the frog skin (Shizume e t al., 1954), and 
called a-MSH, was first isolated from  th e  p itu itary  gland of hog by Lee and Lerner. Later 
on m any investigators showed skin darkening effects o f th is peptide in  e.g. hum ans, mice,
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rats, guinea pigs, frogs, tadpoles and fish. In lower vertebrates, a-M SH has been studied 
m ost intensively in  the  African clawed toad Xenopus laevis w ith  respect to the regulation 
of m elanophores of the skin during background adaptation  (Roubos, 1997). In fish, the 
involvement o f a-M SH during background adaptation  o f the skin has been reported in 
tilapia (Oreochromis m ossambicus; van Eys and Peters, 1981), eel (Anguilla anguilla), and 
tro u t (Oncorhynchus m ykiss; Baker e t al., 1984; Gilham and Baker, 1984). We have isola­
ted and biochem ically characterised a-M SH from  the p itu itary  gland of sea bream  
(Chapter 4) and we have cloned and sequenced a-M SH from  carp (Chapter 5). In sea 
bream , plasm a a-M SH levels o f fish adapted to a w hite background were elevated com­
pared to grey- and black- adapted fish (Chapter 4). It is unlikely th a t the  degree of acety- 
la tion of a-M SH contributes to th is rem arkable finding, as m onoacetyl a-M SH was the 
m ost abundan t form  in white- as well as in  grey- or black-adapted anim als. We conclude 
therefore th a t a-M SH is not prim arily  involved in  adaptation  to a dark background in  sea 
bream . Experim ents w ith  hypophysectom ised flounder dem onstrated th a t the p itu itary  
gland has no influence on m elanophore responses in  th is species (Burton, 1981). Thus, the 
role o f a-M SH during  background adaptation  in fish may vary from  species to species.
W hat th e n  triggers the  darkening of the skin during  background adaptation  in 
sea bream? O ther horm ones and neural m echanism s may be involved in  m elanophore 
control in fish (see discussion Chapter 4). The sea bream  possesses a ligh t coloured skin on 
a ligh t background; however, dark  bands appear im m ediately after stress. Similar bands 
have been associated w ith  m orphologically d istinct derm al and epiderm al m elanophores 
in  flounder (Burton, 1980). The sym pathetic nervous system may be involved in  the con­
tro l o f these stress induced  bands using no rep in ep h rin e  as a n eu ro tran sm itte r 
(Kumazawa and Fujii, 1984). Thus, in  sea bream  neural ra th e r th a n  horm onal m echa­
nisms may control m elanophore expansion.
Functional im plications fo r  tetraploidy in  carp
Com mon carp are tetraploid anim als and th a t condition may offer specific pos­
sibilities for physiological adaptation. Genome duplications are assum ed to have occurred 
early in fish evolution (Ohno e t al., 1968). Polyploidy in fish has been reported for a num ­
ber of cases. Besides some species o f cyprinids, the salm onids share a com m on tetraploid 
origin (Allendorf and Thorgaard, 1984). Mammals, birds and reptiles cannot form  fertile 
tetraploids because of th e ir  sex-determ ining m echanism  (Ohno, 1970). After genome 
duplications, m any duplicate loci diverged from  each o ther so th a t th e ir  ancestors beca­
me functionally diploid for these genes. Two observations suggest th a t the tetraploidy in 
fish resulted from  allotetraploidisation (species hybridisation) ra the r th a n  autotetraplo- 
disation (genome doubling). First, no chrom osom es seem to have been lost in  the tetra- 
ploidisation event. And second, no chrom osom e quadrivalents have been observed in  mei- 
otic nuclei (Ohno e t al., 1967). This indicates th a t the  two original diploid chrom osom e 
sets were already different from  each other at the tim e of tetraploidisation  (Larhammar 
and Risinger, 1994).
Tetraploid cyprinids are larger, have longer life, grow faster, and have greater 
adaptability  th a n  diploid cyprinids (Uyeno and Smith, 1972). This is one of the explana­
tions for the fact th a t the com m on carp has received com m ercial in terest for aquacultu­
re for over two thousand  years. Many enzymes are expressed in  duplicate and for those 
enzymes w hich seemed to be expressed as one variant, it was suggested th a t one o f the 
genes had become a pseudogene (Engel e t al., 1971). We have cloned and sequenced two
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carp POMC cDNAs (Chapter 5) and found th a t bo th  mRNAs are expressed in  the brain  of 
the same fish. We observed differential expression of the two POMC mRNAs induced by 
am bient tem perature and by a tem perature shock (Chapter 6). The m echanism  of the tem ­
perature-induced differential expression is not known. D ifferential affinity or tem peratu­
re instability o f transcrip tion  factors for the  prom oters o f the two POMC genes is a possi­
ble candidate for an explanation. There is still little known about the biological signifi­
cance of the presence of two gene transcripts. In rainbow tro u t two POMC cDNAs were clo­
ned, POMC-A and POMC-B (Salbert e t al., 1992). Both POMC mRNAs were present in  the 
brain  of m ature fish, bu t in hypothalam ic neurones o f sexually im m ature fish only POMC- 
A was expressed.
W hether the  two carp POMC mRNAs result in different peptides w ith  distinct 
biological functions or activities is unknow n. Unfortunately, an antibody we raised 
against the C-terminal end of ACTH-I cross-reacts w ith  ACTH-II and vice versa (Arends, 
unpublished). This h inders the  study of differential expression at protein level. In 
Xenopus laevis, a te traploid am phibian, adaptation  to a black or w hite background indu­
ced differences in processing of end products o f POMC-A and POMC-B (van Strien e t al., 
1996). These findings show th a t duplicate genes may continue to be expressed bo th  and 
th a t the expression can be independently  m odulated by environm ental stim uli. This 
would open the  possibility th a t tetraploid fish may profit from  the presence o f duplicate 
genes as an additional m echanism  of adaptation. W ith  respect to POMC, th is would offer 
extra opportunities for adaptation  to stressors.
Perspectives
In th is thesis two new models in  fish stress research are presented. The first is the 
stim ulus-dependent activation of the stress response in  sea bream . The difference in  the 
stress response to air exposure and confinem ent will allow us to study one of the two prin­
cipal m essenger systems of the  stress response in  particular. The second m odel is the dif­
ferential expression of two POMC mRNAs in tetraploid carp. The fact th a t the expression 
of bo th  POMC genes could be m odulated by environm ental stim uli, suggests th a t gene­
regulatory elem ents are activated independently. As in tetraploid anim als, the nucleotide 
sequences share a high degree o f identity, whereas the deduced am ino acid sequences 
result in  alm ost identical peptides w ith  only a few am ino acid substitutions. Activation of 
POMC mRNA expression by environm ental stim uli will allow us to study gene-regulatory 
elem ents in detail and to investigate the  physiological role o f m inor am ino acid substitu­
tions in  vivo.
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(S u m m ary  in D u tch )
Stress in  vissen
Het onderzoek beschreven in  dit proefschrift betreft de m echanism en die een 
vis in staat stellen zich aan te passen aan stress. Stress, oorspronkelijk een te rm  u it de 
na tuurkunde en letterlijk “d ruk” o f “belasting”, is in  de fysiologie een vaag begrip dat 
de toestand aandu id t die onstaat als de aanpassingsm ogelijkheden van het individu in 
een bepaalde levenssituatie op de p roef w orden gesteld of w orden overschreden. Stress 
beïnvloedt het welzijn van mens en dier en heeft negatieve effecten op onder m eer de 
spijsvertering, groei, voortp lanting en het afweersysteem. Vissen hebben via de huid, 
kieuwen en de darm w and direct kontakt m et de buitenw ereld en dus m et verontrein i­
gende stoffen in  het water; daardoor kunnen  giftige stoffen naast hun  schadelijke wer­
king ook stress veroorzaken. In de visteelt w orden vissen blootgesteld aan vele stressoren 
(veroorzakers van stress) die zowel door m enselijk handelen  als door natuurlijke fakto­
ren w orden veroorzaakt. Typische vorm en van door de mens opgelegde stress in  de 
visteelt zijn: het kweken bij een hoge dichtheid, het vangen van vis, het blootstellen aan 
lucht en transport. Veranderingen van de w atertem peratuur en van w aterkw aliteit zijn 
voorbeelden van natuurlijke factoren die stress kunnen  veroorzaken.
De stress respons
In gewervelde dieren bestaan twee belangrijke “signaleringssystem en” die een 
reactie op een stressor geven. Het eerste systeem betreft de “hersenen-sym patisch zenuw- 
stelsel-chromaffiene cel (HSC) as”. In dit systeem w orden stressoren in  de hersenen gere­
gistreerd resulterend in signalen die via sympatische zenuw banen w orden doorgegeven 
aan de chrom affine cellen in  de kopnier van de vis. De kopnier is een orgaan dat onder­
m eer steroïden (cortisol door interrenale cel) en neuro transm itto rs/neurohorm onen  
(catecholam ines door chrom affine cel) produceert en afgeeft aan de bloedbaan om ande­
re organen te sturen  in  h u n  activiteit. Deze functies kom en overeen m et die van de bij­
nier in  zoogdieren. Voorts produceert de kopnier rode en w itte bloedcellen, een proces 
dat in zoogdieren voornam elijk in  p latte botten  plaatsvindt. De kopnier heeft derhalve 
een belangrijke rol in  het afweerssyteem van de vis. W anneer chrom affine cellen in  de 
kopnier en stim ulus ontvangen via de sympatische zenuw uiteinden geven deze cellen 
catecholam ines, adrenaline en noradrenaline, aan het bloed af. Deze catecholam ines 
reguleren onder m eer de hartslag, zuurstof opnam e in de longen en de afgifte van glu­
cose u it de lever. Glucose is de belangrijkste b randstof om de toegenom en energiebe­
hoefte die er tijdens stress kan on tstaan  te dekken. De HSC-as is b innen  enkele seconden 
actief.
Het tweede “signaleringssyteem ” is de “hersenen-hypofyse-interrenale cel (HHI) 
as”. In dit systeem convergeren signalen u it de hersenen in een belangrijk schakelcen- 
trum , de hypothalam us, die vervolgens signalen afgeeft aan de hypofyse. De aan de her- 
senbasis gelegen hypofyse is het endocriene “zenuw centrum ” dat een scala aan horm o­
nen produceert. A drenocorticotroop horm oon (ACTH) is w aarschijnlijk het belangrijkste 
hypofysehorm oon dat tijdens stress geproduceerd en afgegeven wordt. ACTH stim uleert 
de in terrenale cellen in de kopnier to t de productie en afgifte van cortisol. Cortisol is 
verreweg het bekendste stresshorm oon. Een belangrijke functie van cortisol is het vrij­
m aken van glucose tijdens stress om  in de toegenom en energiebehoefte te voorzien. De 
HHI-as reageert trager dan de HSC-as.
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Het in dit proefschrift beschreven onderzoek betreft twee vissoorten: de zeebra- 
sem (Sparus aurata L.) en de karper (Cyprinus carpio L.). De zeebrasem leeft in  zee en 
brakke w ateren en w ordt op grote schaal gekweekt voor consum ptie in  M editerrane lan­
den. De karper is een zoetwatervis die over de hele wereld voorkomt; het is een geliefde 
consumptievis in  Oosteuropese en Aziatische landen. De karper is een tetraploïde vis 
w at betekent dat de totale genetische inform atie in  viervoud aanwezig is. Een mogelijke 
functie van dit opmerkelijke kenm erk w ordt in  dit onderzoek nader bestudeerd.
De stress respons in  zeebrasem en karper
In hoofdstuk 2 zijn de twee “signaleringssystem en” die betrokken zijn bij de 
stress respons bestudeerd in  de zeebrasem  door ze of gedurende 3 m inu ten  boven w ater 
te houden (“air exposure”), o f gedurende 11 dagen te onderw erpen aan een hoge d icht­
heid (“confinem ent”, 70 kg vis per m 3 w ater in plaats van 4 kg vis per m 3 w ater als con­
trole). De concentraties in het bloed van de hypofysehorm onen ACTH en m elanoforen 
stim ulerend horm oon (a-MSH) en cortisol u it de kopnier w erden gem eten als param e­
ters voor een activatie van de HHI-as. Om dat in  onze opzet het technisch onm ogelijk was 
catecholam ines te m eten als directe param eter voor activatie van de HSC-as, w erden glu­
cose en lactaat gem eten als indirecte param eters voor activatie van de HSC-as. 
“C onfinem ent” verhoogt de concentratie ACTH, a-M SH en cortisol in bloed, hetgeen 
wijst op een activering van de HHI-as. “Air exposure” verhoogt de concentratie van cort­
isol in het bloed wel, m aar n ie t van ACTH. Ook de concentraties van glucose en lactaat 
in  het bloed w aren verhoogd na “air exposure”. Dit geeft aan dat de HSC-as wel, m aar de 
HHI-as nauwelijks geactiveerd w ordt door “air exposure”. H ieruit mogen we concluderen 
dat er w aarschijnlijk een stressor-afhankelijke activatie van de “signaleringssytem en” 
plaatsvindt in  de zeebrasem.
Om de terugkoppeling van cortisol op de twee systemen te bestuderen werden 
vervolgens de effecten van een kunstm atig  verhoogde concentratie cortisol in  het bloed 
op de stress respons op “confinem ent” en “air exposure” van de zeebrasem bestudeerd 
(hoofdstuk 3). De activatie van de HHI-as door “confinem ent” kon volledig w orden 
geblokkeerd door de vissen 24 u u r van te voren te injecteren m et cortisol (20 mg cortisol 
per kg vis). Ook de activatie van de HSC-as door “air exposure” kon w orden geblokkeerd 
door een injectie m et cortisol. Catecholamines die vrijkom en na stim ulatie van de HSC- 
as hebben naast positieve effecten op onder m eer de hartslag, zuursto f opnam e en het 
vrijkom en van glucose ook negatieve effecten op m et nam e de doorlaatbaarheid van de 
kieuwen voor m ineralen  en water. Zeevissen leven in  een omgeving w aarin  de zoutcon- 
centratie in  het lichaam  lager is dan die van het zeewater. Het gevolg is dat w ater passief 
u it het lichaam  onttrokken zou w orden en zouten naar b innen  treden  als er geen barriè­
re zoals de hu id  en de epitheellaag in  de kieuwen zou zijn. Catecholamines verhogen de 
doorlaatbaarheid van de kieuwen voor w ater en ionen w aardoor vissen “lek” raken en 
zeevissen w ater verliezen en extra zouten b innen  krijgen. Dit is in  het bloed te m eten 
aan verhoogde natrium - en chlorideconcentraties. In een zeebrasem die gedurende 3 
m inu ten  is blootgesteld aan luch t en daarna is teruggeplaatst in  zeewater w ordt de HSC- 
as geactiveerd; de verhoogde catecholam ineconcentratie in  het bloed leidt ertoe dat de 
kieuwen “lek” slaan zoals valt a f  te leiden u it verhoogde concentraties natrium  en chlo­
ride. Vissen die zijn geïnjecteerd m et cortisol hebben na “air exposure” norm ale na tri­
um- en chlorideconcentraties in  het bloed, en dus zijn de kieuwen kennelijk niet “lek” 
geslagen. Cortisol injectie lijkt dus de activatie van de HSC-as te blokkeren.
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Achtergrond adaptatie van de zeebrasem
De zeebrasem past zijn huidskleur aan aan zijn omgeving, een verschijnsel dat 
achtergrondadaptatie w ordt genoemd. a-M SH is een hypofysehorm oon dat de versprei­
ding van het pigm ent m elanine in  huidm elanoforen stim uleert w aardoor de huid  don­
ker wordt. In hoofdstuk 4 w ordt de rol van a-M SH tijdens achtergrondadaptatie in de 
zeebrasem beschreven. a-M SH van de zeebrasem is biochem isch gekarakteriseerd nadat 
het eerst was opgezuiverd u it de hypofyse. Zeebrasem a-M SH is identiek aan a-M SH van 
andere vissen zoals karper, zalm, forel en zoogdieren (rat en mens). Net als bij andere 
dieren kan het begin (N-terminaal) en einde (C-terminaal) van a-M SH chem isch gem odi­
ficeerd worden. Er kunnen  aan de N-terminus m axim aal 2 acetyl groepen w orden gekop­
peld. H ierdoor onstaat naast desacetyl MSH (zonder acetyl groep), m onoacetyl a-M SH (1 
acetyl groep) o f diacetyl a-M SH (2 acetyl groepen). C-terminaal kan a-M SH w orden 
geamideerd. Deze chem ische m odificaties kunnen  de biologische activiteit en stabiliteit 
van het peptide verhogen. Tot onze verrassing, w aren de concentraties a-M SH in vissen 
die in  w itte bakken w erden gehouden hoger dan die in  vissen die in  grijze en zwarte 
bakken w erden gehouden terw ijl we het omgekeerde verw achtten op grond van een 
mogelijke functie van a-M SH in achtergrondadaptatie. Kennelijk heeft de absolute hoe­
veelheid a-M SH in het bloed van de zeebrasem  geen invloed op de huidskleur bij achter­
grondadaptatie. Naast het verschil in absolute hoeveelheid a-M SH was de chem ische 
m odificatie van a-M SH verschillend. Hoewel m onacetyl a-M SH het m eest voorkomt, is 
de verhouding desacetyl t.o.v. m onoacetyl a-M SH in w it geadapteerde vissen hoger dan 
in grijs en w it geadapteerde vissen. Dit suggereert dat bij achtergrondadaptatie de che­
mische sam enstelling van a-M SH belangrijker is dan de absolute concentratie in het 
bloed. Ook in  Tilapia, een Afrikaanse baars, is het belang van a-M SH acetylering aange­
toond tijdens stress veroorzaakt door verzuring van het water. Echter, stress veroorzaakt 
door “air exposure” en “confinem ent” had geen invloed op de acetylering van a-M SH in 
de zeebrasem. In alle gevallen werd voornam elijk m onoacetyl a-M SH gevonden in zowel 
controle als aan stress blootgestelde groepen en de verhoudingen m onoacetyl a-M SH 
t.o.v. desacetyl- en diacetyl a-M SH w aren overal gelijk. Hoewel de stru c tu u r van a-MSH 
in de meeste vissen hetzelfde is kunnen  de effecten van isovormen a-M SH verschillen 
per soort en per isovorm. Receptor studies kunnen  hier m eer duidelijkheid over geven.
Proopiomelanocortine (POMC) expressie in  de karper
POMC is het voorlopereiwit van o.a. ACTH en a-M SH en w ordt geproduceerd in 
de hersenen en m et nam e in de hypofyse. In hoofdstuk 5 w ordt de klonering van karper 
POMC beschreven. Er zijn in  de karper 2 cDNA sequenties gevonden zoals verw acht werd 
om dat “alle” genetische inform atie in  tetraploïde dieren verdubbeld is. Beide sequenties 
lijken erg veel op elkaar (ze zijn bijna 94 % identiek) en beide w orden gebruikt als 
m atrijs die elk coderen voor een eiwit in één en dezelfde vis. De sequenties hebben we 
POMC-I en POMC-II genoemd. De karper heeft dus van bepaalde eiw itten 2 bijna identie­
ke kopieën en in  hoofdstuk 6 is een mogelijke functie hiervan beschreven. Er werd een 
m ethode ontw ikkeld om  de expressie van beide sequenties te m eten in een aan ta l kar- 
perstam m en die per stam  genetisch identiek zijn, m aar tussen de stam m en zijn kleine 
verschillen aanwezig. Gebleken is dat de verhouding tussen mRNA voor POMC-I en 
POMC-II verschillend is in  de verschillende stam m en. D aarnaast veranderde de verhou­
ding tussen POMC-I en POMC-II mRNA bij vissen die gehouden w erden bij een lagere 
om gevingstem peratuur. Een andere karperstam  werd blootgesteld aan een snelle koude
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schok van 9°C. Hierbij verschoof de verhouding tussen POMC-I en POMC-II mRNA in de 
richting  van POMC-II enkele u ren  na het verlagen van de w atertem peratuur. Deze resul­
ta ten  geven aan dat beide bijna identieke genen onafhankelijk van elkaar to t expressie 
kunnen  w orden gebracht, afhankelijk van invloeden van buitenaf.
In dit proefschrift w orden 2 nieuwe m odellen gepresenteerd. Het eerste model 
laat zien dat er 2 “signaleringssytem en” stressor-afhankelijk kunnen  w orden geactiveerd 
in  de zeebrasem. In een tweede model is de expressie van bijna identieke genen bestu­
deerd in  de tetraploïde karper en werd aangetoond dat de expressie van beide genen ver­
schillend verandert onder invloed van omgevingsfaktoren.
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m uchas gracias por tu  hospitalidad en CICEM El Toruño. Pilar, m uchas gracias por tus 
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